Isolation and molecular characterization of genes associated with shoot regeneration of mustard (Brassica juncea) in vitro by GONG HAIBIAO
 
 
ISOLATION AND MOLECULAR CHARACTERIZATION 
OF GENES ASSOCIATED WITH SHOOT 

































ISOLATION AND MOLECULAR CHARACTERIZATION 
OF GENES ASSOCIATED WITH SHOOT 

























A THESIS SUBMITTED 
 FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF BIOLOGICAL SCIENCES 








I would like to express my utmost gratitude to my supervisor, Assoc. Prof. Pua 
Eng Chong for his invaluable advice, guidance and support throughout my research 
work over the past several years. 
I would also like to extend my sincere thanks to my fellow colleagues in Plant 
Genetic Engineering Laboratory, Carol, Cheng Wei, Emily, Francis, Huiping, Liu Pei, 
Mo Hua, Serena, Shuzhen, Wenwei, Yuxia and Dr. Liu Jianzhong for creating a 
helpful and joyful working environment. 
I appreciate the help and advice from my friends in other laboratories, Yu Hao, 
Shuhua, Fuquan and Zhilong.  
Last but not least, I would like to thank my family, especially my wife, Tong 
Li, for their love, encouragement and constant support, without which completion of 
this project would not have been possible. This thesis is also dedicated to my lovely 









Acknowledgements   i 
 
Table of contents  ii 
 
List of abbreviations vii 
 
List of tables  xi 
 




1 General introduction    1 
 
2 Literature review   5 
 
2.1 Occurrence and regulation of morphogenic events in vitro    5 
2.1.1 Somatic and microspore embryogenesis    5 
2.1.2 Organogenesis    6 
 
2.2 Plant morphogenesis in vitro in relation to ethylene   7 
2.2.1 Regulation of ethylene biosynthesis and action   8 
2.2.1.1 Ethylene biosynthesis   8 
2.2.1.2 Ethylene signal transduction pathway   10 
2.2.1.3 Relationship between ethylene and other   12 
signaling pathways 
2.2.2 Role of ethylene in plant morphogenesis  14 
2.2.2.1 Shoot organogenesis  14 
2.2.2.2 Somatic embryogenesis (SE)  16 
 
2.3 Metabolic linkage between ethylene and polyamines (PAs)   16 
2.3.1 PA metabolism   17 
2.3.2 Role of PAs in plant morphogenesis in vitro   19 
2.3.2.1 Shoot organogenesis  19 
2.3.2.2 Somatic embryogenesis  20 
 
2.4 Stress in relation to ethylene and PAs   22 
2.4.1 Effects of ethylene  22 
2.4.2 Effects of PAs   23 
2.4.3 Oxidative stress  24 
2.4.3.1 Occurrence and scavenging of ROS  24 
2.4.3.2 H2O2 signaling  28 
2.4.4 Plant regeneration in relation to stress/ H2O2   30 
 
 ii
2.5 Genetic control of regeneration  32 
2.5.1 Genotypic variability in Brassica spp.  32 
2.5.2 Genes involved in shoot organogenesis  33 
2.5.3 Genes involved in SE  35 
 
3  Materials and methods  38 
 
3.1 Plant materials  38 
3.1.1 Brown mustard (Brassica juncea (L.) Czern and Coss)  38 
3.1.2 Arabidopsis thaliana  38 
 
3.2 Chemical treatments  39 
 
3.3 Shoot regeneration from cultured explants  39 
 
3.4 Gene cloning  41 
3.4.1  Cloning of polymerase chain reaction (PCR)-amplified   41 
products 
3.4.2 Bacterial transfection  41 
3.4.3 Plasmid DNA isolation  43 
3.4.4  DNA sequencing and analysis  44 
 
3.5 Probe labeling  44 
3.5.1 DNA probes   44 
3.5.2  RNA probes  46 
 
3.6  Genomic DNA isolation and Southern analysis  46 
 
3.7 RNA isolation and northern blot analysis  47 
3.7.1 TRI REAGENT method  47 
3.7.2 CTAB method  48 
3.7.3 Northern blot  48 
 
3.8 mRNA differential display   49 
 
3.9 Quantitative Reverse Transcription PCR (RT-PCR)  50 
 
3.10 Cloning of Full-length cDNA by rapid amplification of cDNA   51 
ends (RACE) 
3.10.1  5’-RACE   51 
3.10.2  3’-RACE   52 
3.10.3  Generation of full-length cDNA sequences   52 
 
3.11 Cloning of the promoter sequence   53 
3.11.1  Construction of GenomeWalker libraries  53 
3.11.2  Cloning of BjGSTF2 and SRKKK promoters by   53 
Genome Walking strategy 
 
3.12 Construction of chimeric genes  55 
3.12.1  Generation of sense and antisense constructs  55 
 iii
3.12.2  Generation of double-stranded construct  56 
3.12.3  Generation of BjGSTF2 promoter:GUS fusions  58 
 
3.13  Genetic transformation of Arabidopsis plants  58 
 
3.14 Biochemical analysis  61 
3.14.1 Histochemical assays for the GUS activity  61 
3.14.2 GUS fluorometric assay  62 
3.14.3 Ethylene measurement   62 
3.14.4 Histochemical detection of H2O2   63 
 
3.15 Bioinformatics tools used for sequence analysis  63 
 
 
4 Identification and expression of genes associated with shoot   65 
regeneration from leaf disc explants of mustard (Brassica juncea)  
in vitro   
 
4.1 Introduction  65 
 
4.2 Results  68 
4.2.1 Shoot regeneration from leaf disc explants  68 
4.2.2 Identification of cDNAs differentially expressed in tissues   68 
4.2.3 Categorization of cDNAs  71 
4.2.4 Characterization of cDNAs   76 
4.2.5 Effect of H2O2  79 
4.2.6 Endogenous H2O2 content in tissues during culture  81 
 
4.3 Discussion  84 
 
5 The cloning of a phi class glutathione S-transferase gene and   90 
effects of regulation of its expression on shoot regeneration and  
stress response 
 
5.1 Introduction  90 
 
5.2 Results  93 
5.2.1 Cloning and sequence analysis of GST genes from   93 
mustard 
5.2.2 Multiple members in the mustard genome and their   93 
relationship with other phi class GSTs 
5.2.3 Expression of GST genes in different mustard organs 103 
5.2.4 GST expression in response to various treatments 103 
5.2.5 Generation of transgenic plants expressing sense,  108 
antisense and double-stranded GST cDNAs 
5.2.6 Flowering and stress response in transgenic plants 110 
5.2.7 Shoot regeneration response and ethylene production of  113 
cultured tissues in relation to GST expression 
 
5.3 Discussion 119 
 iv
5.3.1 Characteristics of GSTs  119 
5.3.2 GST expression and its regulation 120 
5.3.3 Changes in GST expression affect stress tolerance and  122 
flowering 
5.3.4  Role of GSTs in plant morphogenesis in vitro 124 
 
6 Cloning and characterization of the promoter of a phi class  127 
glutathione S-transferase gene by 5’- deletion analysis 
 
6.1 Introduction 127 
 
6.2 Results 129 
6.2.1 Molecular cloning of the BjGSTF2 promoter 129 
6.2.2 Generation of transgenic plants expressing the GUS 129 
gene conferred by different BjGSTF2 promoters 
6.2.3 Organ specific expression  131 
6.2.4 Changes in the transgene activity conferred by different  133 
BjGSTF2 promoters in response to H2O2, ACC, SA  
and spermidine 
6.2.5 H2O2 accumulation and GUS activity in leaf discs during  134 
shoot regeneration in vitro 
 
6.3 Discussion 138 
6.3.1 Characterization of BjGSTF2 promoter  138 
6.3.2 Spatial gene expression in transgenic plants  138 
6.3.3 Transgene expression in response to treatments 140 
6.3.4 GUS expression is associated with H2O2 accumulation  143 
in transgenic tissues 
 
7 Isolation and characterization of a Raf-related MAPKKK gene  145 
from mustard 
 
7.1 Introduction  145 
 
7.2 Results 149 
7.2.1 Cloning and sequence analysis of SRKKK gene  149 
7.2.2 SRKKK is a homolog of MAPKKK 153 
7.2.3 Expression of SRKKK during shoot regeneration  158 
7.2.4 SRKKK expression in different organs  161 
7.2.5 SRKKK expression in response to treatments 161 
7.2.6 Generation of transgenic plants expressing sense SRKKK  164 
7.2.7 Selection of Arabidopsis AtSRKKK mutants  166 
7.2.8 Expression of PDF1.2, AtVSP and AtGSTF2 in SRKKK  168 
overexpressor and mutant 
7.2.9 Effects of high concentrations of hormone/chemical  170 
treatments on root growth of SRKKK overexpressor and  
mutant  
 
7.3 Discussion  172 
7.3.1 SRKKK encodes a putative Raf-related kinase protein 172 
 v
7.3.2 Spatial and temporal expression of SRKKK 173 
7.3.3 Correlation with jasmonate (JA) 174 
7.3.4 Correlation with GSH 176 
 
8 General discussion and conclusion 179 
 






LIST OF ABBREVIATIONS 
 
2,4-D 2,4-dichlorophenoxyacetic acid 
2-iP 6-(γ,γ-dimethylallylamino)purine 
ABA  abscisic acid 
ACC 1-aminocyclopropane-1-carboxylate 
ACO  ACC oxidase 
ACS  ACC synthase 
ADC arginine decarboxylase  
Agm  agmatine 
Arg arginine 
AgNO3 silver nitrate 
APP  1-(aminopropyl)pyrroline 
APX ascorbate peroxidase 
A. tumefaciens  Agrobacterium tumefaciens 
AVG aminoethoxyvinylglycine 
BA benzyladenine 
bp base pair(s) 
CaMV cauliflower mosaic virus 
cDNA complementary deoxyribonucleic acid 
CAT  catalase 
CM  control medium 
CTAB hexadecyl trimethyl-ammonium bromide 
DAO diamine oxidase 
DAB 3,3-diaminobenzidine 
DAP  1,3-diaminopropane 
Dc-SAM  decarboxylated S-adenosylmethionine 
DDRT-PCR differential display RT-PCR 
DEPC diethyl-pyrocarbonate 
DFM  difluoromethylarginine 
DFMO difluoromethylornithine 
Dc-SAM decarboxylated SAM  
DEPC                          diethy-pyrocarbonate 
 vii
DHA dehydroascorbate 
DHAR  DHA reductase 
DIG digoxigenin 
DMSO dimethyl sulfoxide 
DMTU  dimethylthiourea 
DNA deoxyribonucleic acid 
dNTP deoxynucleoside triphosphate 
E.coli                          Escherichia coli 
EDTA ethylene-diamine-tetra-acetate 
EST expressed sequence tag 
g gram(s) 
GA  gibberellic acid 
GABA γ-aminobutyric acid  
GM  germination medium 
GR glutathione reductase 
GSH  glutathione 
GSSG glutathione disulphide 
GST  glutathione S-transferase 
GUS β-glucuronidase 
h hour(s) 
H2O2 hydrogen peroxide 
IAA  indole-3-acetic acid 
IBA  indole-3-butyric acid 
IPTG isopropylthio-β-D-galactoside 
kb kilo base-pair(s) 
Kinetin 6-furfurylaminopurine 
LB Luria Bertani 
MAPK mitogen-activated protein kinase  
MAPKK mitogen-activated protein kinase kinase  
MAPKKK  mitogen-activated protein kinase kinase kinase  
MDHA  monodehydroascorbate 
MDHAR  MDHA reductase 




MJ  methyl jasmonate 
ml millitre 
mRNA messenger ribonucleic acid 
MS Murashige and Skoog 
mw molecular weight 
NAA α-naphthaleneacetic acid 
NBT 4-nitro-blue-tetrazolium chloride 
NOS nopaline synthase 
NPT II  neomycin phosphotransferase II 
O2-  superoxide radical 
O.D. optical density 
ODC ornithine decarboxylase 
ORF open reading frame 
Orn  ornithine 
PA polyamine  
PAO polyamine oxidase 
PCR polymerase chain reaction 
Prq paraquat 
Put putrescine  
PVP polyvinylpyrrolidone 
∆Py  ∆1-pyrroline 
RNA ribonucleic acid 
RNase ribonuclease 
ROS  reactive oxygen species 
rpm revolution per minute 
RT-PCR reverse transcription PCR 
s second(s) 
SA salicylic acid 
SAM S-adenosyl methionine 
SAMDC SAM decarboxylase  
SAMS  SAM synthetase 
35S -dATP [α-35S]-deoxyadenosine 5’ (α-thio)triophosphate 
SE somatic embryogenesis 
 ix
S.E. standard error 
SIM  shoot induction medium 
SOD  superoxide dismutase 
Spd spermidine  
SpdS spermidine synthase  
Spm spermine 
SpmS spermine synthase 
SDS sodium dodecylsulphate 
SRKKK shoot regeneration-related MAPKKK 
SSC standard saline citrate 
Tris tris(hydroymethyl)-aminomethane 
UTR untranslated region 
UV ultraviolet 
v/v volume per volume 
w/v weight per volume 





LIST OF TABLES 
 
  Pages
Table 1. Chemicals used for treatments. 40
  
Table 2. Summary of bioinformatics programs used in this study. 64
  
Table 3. cDNAs differentially expressed in cultured leaf discs of mustard 
on SIM and CM after 6 days of culture. 
72
  
Table 4. Shoot regeneration from leaf disc explants of mustard in the 
presence of H2O2. 
83
  




Table 6. Relative root length (%) of SRKKK-S4, WT and srkkk2 plants 











LIST OF FIGURES 
 
  Pages
Figure 1. Proposed pathways of metabolic interactions between ethylene, 
polyamines and H2O2 synthesis. 
9
  
Figure 2. Metabolic pathway of ROS generation and scavenging in the 
course of oxidative burst in plants. 
26
  
Figure 3. pGEM®-T Easy vector. 42
  




Figure 5. Chimeric gene constructs carrying BjGSTF2 cDNAs. 57
  
Figure 6. Schematic representation of constructs carrying the gene fusions 
of the GUS coding sequence and different BjGSTF2 promoters. 
59
  
Figure 7. Differential shoot regeneration from cultured leaf disc explants 
of mustard grown on SIM and CM. 
69
  
Figure 8. A representative mRNA differential display of cultured leaf 
discs of mustard grown on SIM and CM. 
70
  
Figure 9. Expression of cDNAs in cultured leaf disc explants of mustard 
after 6 days of culture. 
77
  
Figure 10. Time-course expression of cDNAs in cultured explants of 
mustard grown on SIM and CM. 
78
  
Figure 11. Effect of exogenous H2O2 on transcript accumulation of cDNAs. 80
  
Figure 12. Localization of H2O2 production in cultured leaf discs. 82
  
Figure 13. The nucleotide and amino acid sequences of BjGSTF2. 94
  
Figure 14. Genomic DNA gel blot analysis of GST gene in mustard. 96
  
Figure 15. Alignment of six mustard GST genes. 97
  
Figure 16. Phylogenetic analysis of phi class GSTs. 102
  
Figure 17. GST expression in different mustard organs. 104
  









Figure 20. GST expression in individual transgenic Arabidopsis plants 
expressing sense (GST-S), antisense (GST-A) and double-
stranded (GST-DS) GST cDNAs. 
109
  




Figure 22. Bolting and flowering of WT and different transgenic 
Arabidopsis plants expressing sense (GST-S6), antisense (GST-
A4) and double-stranded (GST-DS1) cDNAs. 
112
  
Figure 23. Phenotype of WT and different transgenic Arabidopsis plants 
expressing sense (GST-S6), antisense (GST-A4) and double-
stranded (GST-DS1) cDNAs after stress treatments.   
114
  
Figure 24. Shoot regeneration from leaf disc explants of Arabidopsis after 
30 days of culture. 
115
  
Figure 25. Ethylene evolution from leaf discs of Arabidopsis during 18 
days of culture. 
117
  
Figure 26. GST expression in WT and transgenic Arabidopsis plants (GST-
S6, GST-A4 and GST-DS1) during shoot regeneration in vitro. 
118
  
Figure 27. Promoter sequence of BjGSTF2. 130
  
Figure 28. Histochemical assay of the GUS activity in transgenic 




Figure 29. Effect of treatments on the GUS activity in transgenic 
Arabidopsis plants conferred by different BjGSTF2 promoters. 
135
  
Figure 30. H2O2 accumulation and GUS activity in leaf disc explants of 
GST2623::GUS transgenic plants during 12 days of culture. 
136
  




Figure 32. Genomic clone of SRKKK. 150
  













Figure 36.    Phylogenetic tree of MAPKKKs from mustard (BjSRKKK) and 
other plant species. 
159
  
Figure 37. RT-PCR analysis of SRKKK expression in mustard explants 
grown on SIM and CM during 12 days of culture. 
160
  
Figure 38. Expression of SRKKK gene in different mustard organs. 162
  
Figure 39. Expression of SRKKK in response to various treatments. 163
  








Figure 42. Expression of PDF1.2, AtVSP and AtGSTF2 genes in SRKKK 












The main aims of this study were to identify and characterize genes associated 
with shoot regeneration of mustard in vitro. These were achieved by the isolation of 87 
cDNAs, with 56 homologous to known genes or ESTs, using mRNA differential 
display. These cDNAs expressed differentially in tissues grown on shoot induction 
medium (SIM) and control medium (CM). The putative function of these cDNAs was 
determined by comparison with the published gene sequences in the Genbank 
database. After categorization, a relatively large fraction (30%) of the cDNA 
population was found to be associated with ethylene and/or stress-induced responses. 
Expression of selected cDNAs (A44A, N9B, N15B, N16A, N58C and N92A) in 
tissues showed a temporal variation in transcript accumulation during 12 days of 
culture, with transcripts most abundant after 6 and 9 days. Expression of these cDNAs, 
except N9B, was shown to be upregulated by exogenous application of H2O2. H2O2 
accumulation in leaf disc explants during shoot regeneration in vitro was also 
determined. In general, both tissues grown on SIM and CM showed similar pattern of 
H2O2 production, which increased gradually with time of culture and reached a 
maximum after 6 days, but the level of H2O2 in the former and tissue grown in the 
presence of AVG was higher.  
One cDNA, designated as BjGSTF2, homologous to GSTs was selected for 
further study. DNA sequence analysis revealed that BjGSTF2 was 943-bp in length 
encoding a polypeptide of 213 amino acid residues. The genomic clone of BjGSTF2 
was shown to possess two introns. Based on the exon-intron structure and sequence 
homology analysis, BjGSTF2 was classified as a member of the phi class of GST 
super-family. Southern analysis indicated that several GST members might be present 
in the mustard genome. This was supported by the isolation of five additional GST 
 xv
sequences (BjGSTF1, BjGSTF3, BjGSTF4, BjGSTF5 and BjGSTF6) from the RACE 
cDNA library. GSTs expressed differentially in different organs, where transcripts 
were most abundant in root. High temperature and exogenous applications of H2O2, 
HgCl2, ACC, SA and paraquat were shown to up-regulate GST expression, whereas 
spermidine was inhibitory. To investigate the in vivo function of GST, transgenic 
Arabidopsis plants expressing sense, antisense and double-stranded BjGSTF2 cDNAs 
driven by the 35S promoter were generated. Results showed that plants expressing the 
sense BjGSTF2 RNA were highly regenerative in culture, more tolerant to paraquat 
and HgCl2, and also flowered earlier than wild type plants. However, transgenic plants 
carrying the double-stranded cDNA responded in the opposite manner, but the 
antisense plants behaved similarly to the wild type. These results implied a possible 
role of GST in these processes. 
A 2640-bp promoter sequence of BjGSTF2 was also cloned. Several regions in 
the promoter were highly homologous (80-90%) to an Arabidopsis ortholog AtGSTF2. 
Several truncated BjGSTF2 promoters, GST2623, GST1520, GST1145, GST756 and 
GST310, were generated by 5’-deletion, and fused to the GUS coding sequence. 
Functional analysis of these promoters has been carried out by transferring these 
chimeric genes into Arabidopsis. Transgene expression in plants expressing 
GST2623::GUS varied considerably. The GUS activity was high in roots, anthers and 
both ends of the silique, but the activity was low or barely detectable in leaves, seeds, 
petals and stamens, indicating that GST expression is spatially regulated.  
Analysis of transgenic plants expressing the GUS gene under the control of 
different truncated BjGSTF2 promoters showed that the GUS activity in the leaf tissue 
decreased with a decrease in the promoter sequence from –2623 to –1145, as 
demonstrated in GST2623::GUS, GST1520::GUS and GST1145::GUS plants. 
 xvi
However, the activity increased markedly in GST756::GUS plants, suggesting the 
presence of transcription repressor between –1145 and –757 in the promoter. The use 
of the shortest promoter of 310-bp attenuated transgene expression, as shown in 
GST310-I::GUS plants, but the expression conferred by two copies of GST310 in 
tandem was constitutively upregulated in both shoot and root of GST310-II::GUS 
plant. With respect to the effects of exogenous H2O2, ACC, SA and spermidine, 
transgene expression in GST2623::GUS was comparable to the level of accumulated 
GST transcripts in northern analysis of the wild type plant, indicating that 
transcriptional regulation is involved in controlling GST expression in plants in 
response to external stimuli. Results of the 5’-deletion analysis also showed that the 
promoter motifs responsible for external stimuli-induced up- and down-regulation 
might be located at the sequence upstream of –756.  
Apart from GSTs, a cDNA homologous to MAPKKK, designated as SRKKK, 
was also characterized. SRKKK was 3146-bp in length encoding a polypeptide of 970 
amino acid residues. The C-terminus of the predicted polypeptide shared a high 
sequence similarity (64%) with that of CTR1. The genomic clone of SRKKK was also 
isolated from mustard. Sequence analysis revealed that SRKKK possessed 12 introns, 
ranging from 62 to 420 bp, which is similar to an Arabidopsis ortholog AtSRKKK. 
Southern analysis indicated that SRKKK was present as a single copy gene in the 
mustard genome. In RT-PCR analysis, SRKKK was shown to express preferentially in 
poorly regenerative tissues. SRKKK expression could be upregulated by exogenous 
applications of MJ but downregulated by GSH. To investigate the function of SRKKK, 
transgenic Arabidopsis plants expressing a sense SRKKK cDNA under the control of 
35S promoter were generated. A comparative study was conducted using the 
transgenic plant and a homozygous Arabidopsis mutant carrying a T-DNA insertion in 
 xvii
 xviii
AtSRKKK. Results showed that expression of the two MJ-related genes, PDF1.2 and 
AtVSP, was lower in leaves of both SRKKK overexpressor and mutant plants compared 
to wild type. On the other hand, the level of AtGSTF2 transcript was considerably 
lower in roots of the SRKKK overexpressor. In a root inhibition assay, root growth of 
SRKKK overexpressor was less sensitive to GSH and more sensitive to the GSH 
synthesis inhibitor BSO. These results suggest that SRKKK may play a role in the 
signaling pathway related to MJ and GSH.  
 
1 GENERAL INTRODUCTION  
The ability to regenerate plants from cultured cells and tissues at high 
frequencies, via either organogenesis or somatic embryogenesis, is an important tool 
for the study of fundamental aspects of plant biology, leading to a better understanding 
and control of plant processes. An efficient tissue culture system is also crucial for the 
success of genetic engineering, through which a range of transgenic plants with 
desirable traits have been produced. To date, plant regeneration from cultured tissues 
has been reported for a wide range of species, but the underlying mechanism that 
regulates the initiation of shoot organogenesis and somatic embryogenesis has yet to 
be elucidated. 
Although the regulatory role of various factors, notably auxin and cytokinin, on 
plant morphogenesis in vitro has been well documented, there has been increasing 
evidence showing that various morphogenic events may be associated with ethylene 
and polyamines (PAs) (Pua, 1999). Ethylene and PAs are ubiquitous in plants and both 
are involved in the regulation of various physiological processes during plant growth 
and development (Yang and Hoffman, 1984; Evans and Malmberg, 1989). Ethylene 
biosynthesis begins with methionine, which is converted to S-adenosylmethionine 
(SAM) by SAM synthetase. SAM is then converted to 1-aminocyclopropane-1-
carboxylate (ACC) by ACC synthase. The last step is carried out by ACC oxidase, 
which catalyzes the oxidisation of ACC to ethylene (Yang and Hoffman, 1984). This 
pathway is metabolically linked to PAs because they compete for a common precursor 
SAM for their synthesis. In the PA biosynthesis pathway, SAM decarboxylase 
(SAMDC) converts SAM to decarboxylated SAM (Dc-SAM), which provides the 
aminopropyl groups for the synthesis of PAs such as spermidine and spermine 
(Malmberg et al., 1998).  
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Studies in this and other laboratories have shown that both ethylene and PAs 
play an important role in shoot morphogenesis of a wide range of plant species in 
vitro (Pua 1999). Shoot regeneration of cultured explants can be greatly enhanced by 
inhibition of ethylene production or action using aminoethoxyvinylglycine (AVG) 
and AgNO3, respectively (Chi et al., 1991; Palmer, 1992; Pua and Chi, 1993). The 
regulatory role of ethylene has also been supported by results of transgenic studies, in 
which downregulation of ACC oxidase by expressing an antisense ACC oxidase RNA 
in transgenic mustard (Brassica juncea) (Pua and Lee, 1995) and melon (Amor et al., 
1998) resulted in a marked reduction in ethylene production and a marked 
enhancement in shoot morphogenesis in vitro. However, the promoting effect of 
ethylene inhibitors on shoot regeneration of Chinese cabbage (Chi et al., 1994) and 
Chinese kale (Pua et al., 1996) can be mimicked by exogenous PAs. The implication 
of PAs in shoot regeneration has also been demonstrated in transgenic tobacco plants, 
where expressing of a human SAMDC cDNA resulted in an increase in the 
spermidine content and shoot regenerability of the cultured explants (Noh and 
Minocha, 1994). The findings have prompted the speculation that increased shoot 
regeneration by inhibition of ethylene synthesis using inhibitor or antisense inhibition 
may be attributed to increased PA synthesis (Pua, 1999). However, the mechanism 
whereby PAs promote shoot regeneration is not clear.  
PAs can be oxidized by diamine oxidase or PA oxidase to form hydrogen 
peroxide (H2O2) as one of the by-products. Results of some recent studies have shown 
that stress/H2O2 can induce shoot formation in flax (Mundhara and Rashid, 2001), 
somatic embryogenesis of Lycium barbarum (Cui et al., 1999), Astragalus adsurgens 
(Luo et al., 2001), cotton (Kumria et al., 2003) and Arabidopsis thaliana (Ikeda-Iwai 
et al., 2003), and androgenesis in rye (Immonen and Anttila, 1999) and triticale 
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(Immonen and Robinson, 2000). An accumulation of H2O2 in culture is also crucial 
for the regeneration potential of tobacco protoplasts (de Marco and Roubelakis-
Angelakis, 1996). Some stress-related genes such as glutathione S-transferase (GST) 
have also been found to play a role in plant morphogenesis in vitro (Vrinten et al., 
1999; Kitamiya et al., 2000; Galland et al., 2001). 
For the last few years, results from genetic analysis and characterization of 
Arabidopsis mutants indicate that plant morphogenesis may be controlled genetically. 
Several genes associated with this process have been identified. These include those 
related to cytokinin such as Amp1 (Chaudhury et al., 1993), hoc (Catterou et al., 
2002), CKH1 and CKH2 (Kubo and Kakimoto, 2000), CKI1 (Kakimoto, 1996) and 
CRE1 (Inoue et al., 2001). Furthermore, morphogenesis-related genes that are not 
directly linked to cytokinin have also been identified. These genes include CUC1 and 
CUC2 (CUP-SHAPED COTYLEDON) (Takada et al., 2001; Daimon et al., 2003), 
and IRE1 (Cary et al., 2001). 
As part of the long-term goal in this laboratory to elucidate the underlying 
molecular mechanism that regulates shoot morphogenesis in vitro, the objectives of 
this study are:  
(1) To isolate cDNAs associated with shoot morphogenesis of mustard in 
vitro using mRNA differential display.  
(2) To characterize some cloned genes that express differentially in poorly 
and highly regenerative tissues. 
(3) To investigate the role of some cloned genes in shoot regeneration by 
overexpression and downregulation of these genes in transgenic plants. 
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(4) To investigate the molecular mechanism as to how morphogenesis-
related genes are regulated by cloning and functional analysis of the 








2 LITERATURE REVIEW 
 
2.1 Occurrence and regulation of morphogenic events in vitro  
Since the first successful effort to obtain complete plantlets regenerated from 
cell clumps in suspensions initiated from root callus of carrot (Daucus carota) 
(Steward et al., 1958a, 1958b), which demonstrated the concept of totipotency, plant 
regeneration from various tissues, via either shoot organogenesis or somatic 
embryogenesis, has been reported for a wide range of plant species. These tissue 
culture systems are powerful tools for the study of fundamental aspects of plant 
biology leading to a better understanding of various processes and control of 
developmental pathways such as cell differentiation and dedifferentiation (Pua, 1999). 
The ability to regenerate plants from cultured tissues at high frequency is also essential 
for the production of large numbers of genetically identical plants for vegetative 
propagation, which has been commonly employed by commercial nurseries for large-
scale production of ornamental, vegetable, fruit and field crops. An efficient plant 
regeneration system is also crucial for Agrobacterium-mediated transformation aimed 
to produce novel transgenic plants with desired traits (Valvekens et al., 1988; Cervera 
et al., 1998; Lee et al., 1999; Pozueta-Romero et al., 2001).  
 
2.1.1 Somatic and microspore embryogenesis  
Structures similar to zygotic embryos can be produced from cultured somatic or 
gametic (microspore) cells in response to exogenous application of hormones. The 
classic system for embryogenesis in vitro is derived from carrot, where regeneration 
generally involves (1) the establishment of a callus cell line from small hypocotyl 
pieces cut from sterilely germinated seeds, (2) the selection of an embryogenic 
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subpopulation of the cultured cells through sieving or gradient fractionation, (3) the 
removal of auxin from the culture medium, and (4) the dilution of the cells to a 
relatively low density (Zimmerman, 1993). Similar procedures were also adopted in 
other plant species, such as alfalfa (Dudits et al., 1991). Although most studies focused 
on the regeneration from somatic cells, which is called somatic embryogenesis, 
embryogenesis can also arise from gametic cells (Cordewener et al., 1994). 
Morphological and molecular analysis revealed that the development of somatic 
embryos closely resembles that of zygotic embryos, especially at the early stages 
(Zimmerman, 1993; Dodeman et al., 1997), suggesting that somatic embryos can serve 
as a model for study of embryogenesis and as a source of materials for biochemical 
and molecular analysis.  
 
2.1.2 Organogenesis  
In addition to embryogenesis, cultured cells and tissues can undergo 
organogenesis to give rise to adventitious shoots or roots. Shoots and roots can be 
regenerated without the intervening stage of callus growth, during which large scale of 
cell division takes place (direct organogenesis). But in most cases, callus must be 
produced from explants before the formation of shoots or roots (indirect 
organogenesis) (de Klerk et al., 1997). Auxin and cytokinin are the most important 
chemical determinants that control the process of organogenesis. It is well documented 
that high auxin/cytokinin ratios usually induce root formation, whereas lower ratios 
promote shoot formation (Skoog and Miller, 1957; Banno et al., 2001).   
Although the ultimate fate for the cells undergoing embryogenesis and 
organogenesis differs, the two pathways are correlated and they share similar 
underlying mechanisms (de Klerk et al., 1997). In general, three sequential phases 
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occur during the regeneration process and each phase has different requirements of 
exogenous hormones. The first phase is dedifferentiation, during which differentiated 
cells acquire the competence to respond to hormonal or other stimuli that commit them 
to a particular developmental program. The second phase is determination. Competent 
cells from the phase I are induced by different signals and become determined for the 
specific developmental fate. During this phase, the hormonal composition in the 
medium is critical. The last phase is realization. Once the fate of the cells is 
determined, the cells then redifferentiate and the morphogenesis can proceed 
independently of the exogenous hormones (de Klerk et al., 1997; Sugiyama, 1999).  
Based on the analysis of three temperature-sensitive Arabidopsis mutants (srd1, 
srd2, and srd3) that were defective for shoot regeneration, the first phase of 
dedifferentiation was further divided into two subphases (Ozawa et al., 1998; 
Sugiyama, 1999). In the first subphase, the cells of hypocotyl explants that were in the 
incompetent (IC) state acquired the competence for proliferation and root 
organogenesis (CR). In the second subphase, cells acquired the competence for shoot 
organogenesis (CSR) but for cells in root explants, it could enter the CSR directly 
because cells were in the CR state during culture initiation.  The transition from IC to 
CR and that from CR to CSR required the functions of SRD2 and SRD3, respectively. 
The redifferentiation of cells in the CSR state on shoot induction medium required the 
aid of SRD1 and SRD2 (Ozawa et al., 1998).  
 
2.2 Plant morphogenesis in vitro in relation to ethylene 
Ethylene is a simple unsaturated two-carbon gas hormone that has been studied 
extensively in plants. The physiological responses regulated by ethylene are wide 
ranging. At seed germination, ethylene causes the asymmetric growth of stem and 
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petiole, which can result in the triple response. As the plant growth advances and 
reaches maturity, ethylene influences root hair development, root nodulation, sex 
determination and promotes fruit ripening. Ethylene also triggers senescence of plant 
organs, especially flowers and leaves. Apart from the role in plant growth and 
development, ethylene also acts as a stress hormone that has been considered to protect 
plants from the onslaughts of unfavorable growth environment (for reviews, see 
Johnson and Ecker, 1998; Bleecker and Kende, 2000).  
 
2.2.1 Regulation of ethylene biosynthesis and action 
2.2.1.1 Ethylene biosynthesis 
The level of ethylene production is usually low at most stages of plant growth 
and development. However, high levels of ethylene are produced at certain plant 
developmental stages such as fruit ripening, leaf and flower senescence and 
abscission or upon the stimulation of environmental factors, including wounding, 
pathogen attack, hypoxia, ozone, chilling, and auxin treatments (Morgan and Drew, 
1997; Pua, 1999). The ethylene biosynthetic pathway was elucidated mainly by the 
work of Yang and co-workers (Yang and Hoffman, 1984). The pathway starts from 
methionine, which is first converted to S-adenosylmethionine (SAM) by SAM 
synthetase (SAMS). SAM is then converted to 1-aminocyclopropane-1-carboxylate 
(ACC) by ACC synthase (ACS) that is the rate-limiting step of ethylene biosynthesis 
(Figure 1). In addition to ACC, the reaction also results in the production of 5’-
methylthioadenosine (MTA), which is then converted to methionine via the modified 
methionine cycle (Bleecker and Kende, 2000; Wang et al., 2002). This salvage 
pathway preserves the methyl group for another round of ethylene production. The 
last step of the pathway involves the oxidation of ACC to form ethylene, which is 
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 catalysed by ACC oxidase (ACO) (Figure 1). In this reaction, CO2 and cyanide are 
produced as by-products. SAM is the most important metabolite in this process. It is 
the major methyl group donor in many biochemical reactions, including polyamine 
and lignin biosynthesis, and nucleic acid and protein methylation (Wang et al., 2002).  
The enzymes ACS and ACO are encoded by the multi-gene families (Bleecker 
and Kende, 2000; Wang et al., 2002). Both genes have been isolated from a wide range 
of plant species and their expression has been shown to be regulated in response to a 
variety of environmental and developmental stimuli (Johnson and Ecker, 1998). 
Ethylene production can be modulated by exogenous application of ACC or 2-
chloroethylphosphonic acid that, as a result, promotes ethylene production (Pua, 1999). 
In contrast, the use of aminooxyacetic acid or aminoethoxyvinylglycine (AVG), which 
inhibit ACS activity, can lead to a decrease in ethylene production (Pua, 1999). Results 
from several transgenic studies also show that ethylene modulation can also be 
achieved by downregulation or overexpression of ethylene biosynthetic genes. 
Expression of an antisense ACS (Oeller et al., 1991) or ACO cDNA (Hamilton et al., 
1990; Pua and Lee, 1995) has been shown to downregulate expression of the 
respective gene and ethylene production. On the other hand, overexpression of an ACS 
cDNA has resulted in a marked increase in ethylene production in mustard (Cheng, 
2002).  
 
2.2.1.2 Ethylene signal transduction pathway  
Ethylene-induced plant responses are accomplished by binding of ethylene to 
the receptors in the cell membrane, through which ethylene is perceived and its signal 
is transduced through the transduction machinery to trigger specific biological 
responses. Based on the impaired responses of Arabidopsis mutants to ethylene 
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treatment, notablely triple response, most components, e.g. CTR1, SIMKK, MPK6, 
EIN2, EIN3 and ERF1, of the ethylene signaling pathway have been identified (Figure 
1). Ethylene is perceived by a family of membrane-localized receptors that are 
homologous to bacterial two-component histidine kinases involved in sensing 
environmental stimuli. Currently, five members of this family in Arabidopsis, 
including ETR1, ERS1, ETR2, EIN4 and ERS2, have been identified (Chang et al., 
1993; Hua et al., 1995; Hua and Meyerowitz, 1998; Sakai et al., 1998). ETR1 
possesses a modular structure containing an ethylene-binding domain in the N-
terminus (Schaller and Bleecker, 1995) and regions homologous to histidine kinases 
and response regulators in the C-terminus (Chang et al., 1993). The structure 
similarities between the ethylene receptor and two-component system proteins suggest 
that the signaling mechanism for ethylene in plants may be similar to the signal 
transduction pathway in bacteria. Further studies reveal that ethylene binds to the 
receptors via a copper cofactor and hormone binding inactivates the receptors 
(Stepanova and Ecker, 2000).  
CTR1, a negative regulator downstream of ETR1, has been cloned in the 
attempt to screen Arabidopsis mutants that display the constitutive triple response 
phenotype (Kieber et al., 1993). Sequence analysis shows that it belongs to the Raf 
family of Ser/Thr protein kinases that initiate mitogen-activated protein (MAP) kinase 
signaling cascades. Results from the yeast two-hybrid and in vitro biochemical 
experiments indicate that the regulatory domain of CTR1 can interact with the 
transmitter domain of ETR1 (Clark et al., 1998), suggesting a direct connection 
between CTR1 and ETR1. Based on the expression profile in mutants and transgenic 
plants, a MAPKK, SIMKK and a MAPK, MPK6, may function downstream of CTR1 
(Ouaked et al., 2003).  
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Several downstream components of ethylene transduction pathway have also 
been characterized. As a positive regulator in the pathway, EIN2 encodes an integral 
membrane protein, with the N-terminal hydrophobic domain displaying similarity to 
metal transporters found in eukaryotes (Alonso et al., 1999). EIN3 may represent a 
family of transcription factors found only in plants (Solano et al., 1998; Bleecker and 
Kende, 2000). It has been reported that overexpression of EIN3 in an ein2 null mutant 
background causes constitutive activation of the ethylene response, confirming that 
EIN3 acts downstream of EIN2. The search for target promoters for the EIN3 family of 
proteins had led to the identification of the ERF1 gene, which has been shown to be a 
member of a large family of plant-specific transcription factors, referred to as ethylene-
responsive-element-binding-proteins (EREBPs) (Solano et al., 1998). The expression 
of EREBPs can be rapidly induced by ethylene. Overexpression of ERF1 in an ein3 
background leads to constitutive activation of some ethylene responses (Solano et al., 
1998). Interestingly, the EIN3 homodimers can bind to a specific target sequence in the 
promoter of ERF1 gene, resulting in upregulation of ERF1 expression. These findings 
provide a functional link of ERF1 to the downstream of the ethylene signaling 
pathway.  
 
2.2.1.3 Relationship between ethylene and other signaling pathways 
Ethylene binding to receptors is the first step of the signal transduction 
pathway, through which plant responses are induced. Evidence from several lines of 
study indicates that ethylene interacts with other signaling molecules in ethylene-
induced responses. The best example is the interaction between ethylene and jasmonic 
acid (JA). It has been reported that the maximal induction of PDF1.2 required both 
intact ethylene and JA signaling pathways (Penninckx et al., 1998). Furthermore, a 
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study on the expression of 2375 genes in response to various defense-related stimuli 
revealed that nearly half of the genes that were induced by ethylene were also induced 
by JA treatment (Schenk et al., 2000).   
Both positive and negative regulatory interactions exist between ethylene and 
SA signaling pathways. In tomato (Lycopersicon esculentum), the development of 
disease symptoms following infection by Xanthomonas campestris pv. vesicatoria 
required both ethylene and SA, and the accumulation of SA in infected plants was 
dependent on ethylene synthesis (Kunkel and Brooks, 2002). Results from the 
microarray study suggested that ethylene and SA may function together to coordinately 
induce several defense-related genes (Schenk et al., 2000). In the study of an 
Arabidopsis mutant with enhanced disease resistance and defective in EDR1 that 
encoded a putative MAPKKK similar to CTR1, it was found that the expression of an 
SA-dependent gene, PR-1, was highly induced in response to ethylene treatment in 
edr1 mutant plant, whereas it was barely detectable in wild type plants (Frye et al., 
2001). It was speculated that ethylene potentiated SA-dependent PR-1 gene 
expression, and EDR1 negatively regulated this process.  
The synergistic and antagonistic interactions among ethylene, JA, and SA in 
response to stresses have also been reported. Reactive oxygen species (ROS) seem to 
play a central role in these interactions. This is evidenced from ethylene synthesis in 
response to ozone exposure, in which SA signaling is required for upregulation of 
synthesis of ethylene, that acted synergistically with SA to stimulate cell death (Wang 
et al., 2002). One the other hand, JA has been shown to protect the stressed plants from 
deleterious damages by the oxidative burst (Wang et al., 2002). In tomato, induction of 
PIN II (for proteinase inhibitor II), a specific marker for the JA wounding pathway, 
required both ethylene and JA pathways upon wounding (O’Donnell et al., 1996). ROS 
 13
produced in plants after UV-B treatment are required for the induced expression of 
PDF1.2 because pretreatment of plants with ascorbic acid blocked the induction 
(Surplus et al., 1998). These results, together with the findings that induction of 
PDF1.2 was also inhibited in mutants defective in ethylene and JA signaling (Wang et 
al., 2002), suggest that ROS lie upstream of the ethylene and JA pathways.   
 
2.2.2 Role of ethylene in plant morphogenesis 
2.2.2.1 Shoot organogenesis 
Evidence from several lines of study indicated that the accumulation of 
ethylene appeared to be inhibitory to cell differentiation and shoot regeneration from 
various cultured explants of a range of plant species (reviewed by Pua, 1999). It was 
shown that callus with higher shoot-forming capacity contained significantly lower 
amounts of endogenous ACC (Grady and Bassham, 1982) and produced less ethylene 
than non-shoot-forming callus (Huxter et al., 1981). Both mustard and B. campestris 
were poorly regenerative (Murata and Orton, 1987; Jain et al., 1988; Narasimhulu and 
Chopra, 1988), and explants were shown to accumulate high levels of ethylene at 
early stages of culture (Pua, 1993). The time of rapid ethylene production was shown 
to coincide with the initiation of shoot primordium in cultured explants, which 
occurred at 4-8 days after culture (Sharma and Bhojwani, 1990). It was therefore 
proposed that initiation of shoot primordium and subsequent regeneration might be 
associated with ethylene (Pua, 1993). This proposal was substantiated by the use of 
ethylene inhibitors AgNO3 and AVG, which greatly enhanced shoot regeneration 
from cultured explants (Chi and Pua, 1989, Chi et al., 1990, 1991; Pua and Chi, 
1993). Apart from Brassica spp., the promoting effect of ethylene inhibitors has also 
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been demonstrated in sunflower (Chraibi et al., 1991), chilli pepper (Hyde and 
Phillips, 1996), cowpea (Brar et al., 1999) and peanut (Pestana et al., 1999).  
More direct evidence supporting the regulatory role of ethylene has been 
derived from transgenic plants, where ethylene synthesis has been impaired by 
downregulation of ACC oxidase expression (Pua and Lee, 1995). Transgenic tissues 
expressing an antisense ACC oxidase RNA showed a marked decrease in transcript 
and enzyme activity of ACC oxidase and produced less ethylene. These tissues also 
gave rise to adventitious shoots at high frequencies on the medium in the absence of 
ethylene inhibitors, but regenerability was inhibited by exogenous applications of 
ACC or 2-chloroethylphosphonic acid, which is an ethylene-releasing compound. A 
similar inverse relationship has also been demonstrated in cultured mustard tissues 
expressing antisense ACC synthase cDNA (Cheng 2002). In contrast, tissues 
overexpressing ACC synthase RNA were shown to produce 20% more ethylene in 
culture and were less regenerative than the non-transformed control counterpart 
(Cheng 2002). These findings are in agreement with the results of ethylene inhibitor 
studies. 
On the contrary, ethylene was shown to be beneficial to shoot organogenesis 
and proliferation in some species in vitro. In radiata pine, the presence of ethylene 
was partially responsible for shoot bud differentiation from cotyledonary explants 
(Kumar et al., 1987). Exogenous application of ethylene increased the number and 
promoted elongation of shoot buds significantly during shoot bud induction from 
embryonic explants of eastern white cedar (Nour and Thorpe, 1994). Shoot formation 
from petunia leaf explants was promoted by ethylene treatment and inhibited by 
ethylene absorbent KMnO4 and inhibitor Co2+ and Ag+ (Dimasi-Theriou, et al., 1993).  
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2.2.2.2 Somatic embryogenesis (SE) 
Results of previous studies showed that ethylene was also involved in SE, but 
the effect varied markedly among species. In conifers, the embryogenic tissues 
produced 10-100-fold less ethylene than the undifferentiated tissues (Wann et al., 
1987). Inhibition of ethylene production or action using inhibitors also enhanced SE 
from callus of carrot (Roustan et al., 1989), maize (Vain et al., 1989) and rubber 
(Auboiron et al., 1990). On the contrary, the presence of ethylene stimulated SE in 
some species, including citrus (Kochba et al., 1978) and Norway spruce (Kvaalen, 
1994), where SE could be promoted by exogenous ethephon (an ethylene-releasing 
agent) or ACC. The presence of low level (2 µM) of exogenous ACC also stimulated 
SE in carrot, but higher concentrations were inhibitory (Nissen, 1994). Unlike the 
species discussed above, ethylene did not play a role in SE of alfalfa, where cultured 
tissues did not respond to ethylene inhibitors NBD (Kepczyński et al., 1992) and 
cobalt and nickel (Meijer, 1989).  
 
2.3 Metabolic linkage between ethylene and polyamines (PAs)  
Ethylene is metabolically linked to PAs because they compete for a common 
precursor SAM for their synthesis (Figure 1). This has been supported by the 
response of cherry shoot cultures, where the inhibition of ACS by AVG resulted in 
increased incorporation of labelled methionine into spermidine (Biondi et al., 1990). 
Treatments of plant tissues with AVG and cobalt ions also resulted in an increase in 
the activities of PA biosynthetic enzymes and the cellular PA content, especially 
spermidine and spermine (Derueda et al., 1994; Locke et al., 2000). These findings 
are in agreement with the results of a transgenic study, in which transgenic potato that 
overexpressed a SAMDC cDNA showed an accumulation of PAs (Kumar et al., 
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1996). Similar PA accumulation has also been reported in transgenic tomato 
expressing a yeast SAMDC cDNA (Metha et al., 1997). These transgenic fruit also 
exhibited a delay in softening and prolonged shelf life. On the other hand, PAs can 
inhibit ethylene production in a variety of plant tissues by reducing the activity of 
ACS and ACO. This has been illustrated in tobacco suspension culture cells that 
produced lower levels of ethylene, concomitant with a decrease in ACS and ACO 
activities in the presence of exogenous PAs (Apelbaum et al., 1981). In carnation, 
application of exogenous spermine delayed senescence of cut flowers, which was 
associated with reduced ethylene production and a decrease in the endogenous ACC 
content, and a decline in the activity and transcript abundance of ACS in the petals 
(Lee et al., 1997).  
However, the relationship between PAs and ethylene appears not to be 
universal. Chi et al. (1994) reported that exogenous application of PAs resulted in an 
increase in ethylene production of Chinese cabbage in vitro. In tobacco suspension 
cells, the level of cellular PAs increased in response to exogenous application of 
ethylene and auxin (Park and Lee, 1994). These findings indicate that the regulation 
of ethylene and PAs biosynthesis is very complex and may not be explained solely by 
precursor competition. In addition, SAM not only serves as the precursor for ethylene 
and PA synthesis, but also supplies methyl groups in other transmethylation reactions 
involving nucleic acids, proteins and polysaccharides (Tabor and Tabor, 1984).  
 
2.3.1 PA metabolism  
PAs are polycations of low molecular compounds that are found in all living 
organisms. In plants, the major forms of PAs are the diamine putrescine, the triamine 
spermidine and the tetramine spermine, which present in amounts varying from 
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micromolar to more than millimolar (Galston and Sawhney, 1990). At cellular pH 
values, these compounds behave as cations, and can interact with anionic 
macromolecules such as DNA, RNA, phospholipids and certain proteins (Tabor and 
tabor, 1984; Heby and Persson, 1990; Tiburcio et al., 1990; Slocum, 1991). PAs have 
also been shown to play a regulatory role in various plant processes, including cell 
division (Bagni, 1989), in vitro organogenesis, embryogenesis (Jarvis et al., 1985), 
flower development (Gerats et al., 1988), fruit and senescence (Muhitch et al., 1983; 
Galston and Sawhney, 1990), and in response to environmental stresses (Kuehn et al., 
1990). 
The PA metabolic pathway has been elucidated by using a wide range of 
metabolic inhibitors (Tiburcio et al., 1990) and cloning of genes encoding PA 
biosynthetic and oxidative enzymes (Bagni and Tassoni 2001). Putrescine is the 
common precursor of spermidine and spermine synthesis in all biological systems 
studied so far. In most animal and fungal cells, putrescine is synthesized solely and 
directly from ornithine catalyzed by ornithine decarboxylase (ODC; E.C. 4.1.1.17) 
(Tiburcio et al., 1997). In contrast, both plant and bacterial cells evolved an alternative 
pathway for the synthesis of putrescine from arginine by ADC (Figure 1). Putrescine is 
converted to spermidine by the addition of an aminopropyl group derived from 
decarboxylated S-adenosylmethionine (Dc-SAM), which is synthesized from SAM by 
SAM decarboxylase (SAMDC). This reaction is catalyzed by spermidine synthase 
(SpdS) (Malmberg et al., 1998). The aminopropyl group is also needed to convert 
spermidine into spermine in a reaction catalyzed by spermine synthase (SpmS) (Figure 
1). SAM not only serves as a substrate of PAs, but is also a precursor of ethylene 
biosynthesis. In view of this, it has been proposed that PAs and ethylene may regulate 
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each other's synthesis by competing for SAM (Apelbaum et al., 1981; Suttle, 1981; 
Roberts et al., 1983).  
PAs can be further metabolized though oxidation, mostly catalyzed by diamine 
oxidase (DAO; E.C. 1.4.3.6) and PA oxidase (PAO; E.C. 1.5.3.3). The oxidation of 
putrescine via DAO (Malinskim, et al., 1965) can lead to generation of ∆1-pyrroline 
(∆Py), H2O2 and ammonium ions (Figure 1). PAO, which oxidizes spermidine and 
spermine at their secondary amino groups (Federico and Angelini, 1991), results in the 
formation of the common products of H2O2 and 1,3-diaminopropane (DAP), and either 
∆Py for spermidine or 1-(aminopropyl)pyrroline (APP) for spermine (Figure 1). 
Several elicitors such as hormones, natural inhibitors, ozone, light, and PAs have been 
shown to influence DAO and PAO activities, thereby affecting the cellular content of 
PAs (Federico and Angelini, 1991; Møller and McPherson, 1998).   
Plant PAs not only occur as free molecules, but are also associated with small 
molecules such as phenolic compounds (conjugated form) or macromolecules such as 
proteins (bound form) (Bagni and Tassoni, 2001). Both conjugated and bound forms of 
PAs were of particular importance for regulating the endogenous free PA content, and 
for their interaction with cell wall components, but the relative proportions of free and 
conjugated PAs might vary among different plant species (Bagni and Tassoni, 2001).  
 
2.3.2 Role of PAs in plant morphogenesis in vitro  
2.3.2.1 Shoot organogenesis 
The possible role of PAs in shoot organogenesis has been demonstrated in 
several studies. In maize, a short treatment of young callus with high dosages of 
difluoromethylarginine (DFMA), an irreversible inhibitor of ADC, significantly 
increased the number of regenerated buds with a concomitant decrease in total protein 
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and PA content, ADC and ODC activities (Guergue et al., 1997). Exogenous 
application of PAs has been shown to be as effective as AVG and AgNO3  in 
promoting shoot regeneration from cultured cotyledons of Chinese kale (Pua et al., 
1996) and Chinese cabbage cotyledons (Chi et al., 1994). In B. oleracea, addition of 
AVG into the medium greatly enhanced accumulation of free putrescine and resulted 
in an increase in shoot regeneration (Pua et al., 1999). It was speculated that inhibition 
of ethylene biosynthesis and action by AVG or AgNO3 might lead to SAM 
accumulation, thereby triggering a metabolic shift towards PA biosynthesis. This 
speculation has been supported by results of other studies showing that the inhibitory 
effect of DFMA on shoot regeneration of Chinese kale could be abolished by 
exogenous putrescine (Pua et al., 1996). The promoting effect of spermidine on shoot 
regeneration has also been reported in transgenic tobacco plants expressing the human 
SAMDC cDNA. Transformed tissues contained 2-3-fold higher spermidine and 
possessed higher shoot regeneration capacity compared to non-transformed control 
counterpart (Noh and Minocha, 1994).  
However, contradictory results have also been reported. For example, the use 
of β-OH-E, an inhibitor of DAO, resulted in the accumulation of putrescine and 
spermidine, with a concomitant shift of the program in cultured tissues from buds to 
callus formation (Aribaud et al., 1999). On the other hand, addition of 
difluoromethylornithine (DFMO), an inhibitor of ODC, to the callus medium resulted 
in a decline in cellular PAs and induced the tissues to form buds (Aribaud et al., 1999).  
 
2.3.2.2 Somatic embryogenesis 
A strong correlation between SE and increased cellular content of PAs, 
especially putrescine, was demonstrated in eggplant (Yadav and Rajam, 1998). It was 
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shown that cultured leaf discs derived from the apical region of eggplant that possessed 
high embryogenic capacity also contained higher levels of PAs, especially putrescine, 
as compared to lower embryogenenic capacity and lower endogenous PAs of explants 
from the basal region. However, pretreatment of apical discs with DFMA for 3 days 
significantly reduced the ADC activity and cellular PA content, and resulted in a 
decrease in embryogenesis to a level comparable to that of basal discs. In contrast, a 
short exposure of basal discs to exogenous putrescine resulted in improved SE ability 
of the explant (Yadav and Rajam, 1998). To further investigate whether increased 
putrescine synthesis played a regulatory role in SE, carrot cells were transformed with 
mouse ODC cDNA. It was observed that overexpression of a mouse ODC cDNA 
greatly increased the cellular putrescine content and SE in some transgenic lines 
(Andersen et al., 1998).  
Spermidine and spermine have also been shown to be associated with SE in 
some plant species. Fienberg et al. (1984) observed increased production of spermidine 
and spermine along with a higher SAMDC activity in the embryogenic cultures as 
compared to non-differentialting cells. In cell culture of ginseng, the addition of 
putrescine, spermidine, or spermine to the medium promoted the formation of somatic 
embryos up to 4-fold without affecting callus growth (Kevers et al., 2000). Of all three 
PAs, spermidine was found to be most beneficial.  In radiata pine, there was no 
significant change in the putrescine content during zygotic and somatic embryogenesis, 
but the spermidine content showed a stable increase, resulting in several-fold increase 
in spermidine/putrescine ratio. Furthermore, somatic embryos at the mature 
cotyledonary stage that was capable of developing into plants also showed a higher 
spermidine/putrescine ratio as compared to those at the abnormal cotyledonary stage, 
which were incapable of forming plants (Minocha et al., 1999). Similar results were 
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also reported in carrot cell culture, where application of methylglyoxal-bis-
guanylhydrazone (MGBG), an inhibitor of SAMDC, inhibited SE and resulted in a 
decrease in spermidine and spermine content, but stimulated accumulation of 
putrescine and ACC (Minocha et al., 1991). However, the inhibitory effect of MGBG 
could be abolished by exogenous spermidine, suggesting that the availability of Dc-
SAM, the precursor of both PA and ethylene synthesis, might be the limiting factor 
(Minocha et al., 1991).   
In contrast to the promoting effect of PAs on SE, the inhibition of SE by high 
levels of cellular PAs has also been reported. Martin-Tanguy (1997) found that free 
and conjugated putrescine was inhibitory to the embryogenic capacity of tobacco. This 
result is supported by the response of a transgenic poppy line expressing the 
Arabidopsis SAMS gene. This transgenic line showed a marked increase in SAMS 
activity and putrescine content, but a decrease in the capacity of SE (Nabha et al., 
1999). The discrepancy of the PA effect on SE may be attributed, at least in part, to the 
variation in the PA content of different plant species, physiology of culture, and the 
experimental system employed. 
 
2.4 Stress in relation to ethylene and PAs  
2.4.1 Effects of ethylene 
Both biotic and abiotic stresses have been shown to promote ethylene 
production in plants (Morgan and Drew, 1997; Wang et al., 2002). While the increased 
ACS activity was responsible for the ethylene induction in most cases (Morgan and 
Drew, 1997), ACO could also be induced in response to stresses (Kim et al., 1998). 
Studies on cucumber fruits showed that chilling-induced ethylene production was 
regulated by ACC synthesis (Wang and Adams, 1982), which was supported by the 
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results from the study on other plant species, including pear fruits (Knee, 1987) and 
citrus (Wong et al., 1999). Both ACS and ACO transcripts was upregulated in Passe-
Crassane pear after a 3-month chilling treatment (Lelievre et al., 1997). Metal ions, 
such as cadmium, promoted ACS activity and ethylene production in bean leaves 
(Fuhrer, 1982). Osmotic stress was also stimulatory to ethylene production, which is 
evidenced by the increased expression of an ACS, GAC-1, and elevated ethylene 
production upon sorbitol treatment (Wang and Arteca, 1995). Wounding greatly 
promoted accumulation of ACS transcript in tomato (Olson et al., 1991) and winter 
squash (Kato et al., 2000) concomitant with an increase in ethylene formation. Plant 
tissues treated with H2O2 were also shown to produce high levels of ethylene (Ievinsh 
and Tillberg, 1995). On the other hand, ethylene also plays an important role in H2O2 
production and PCD induced by camptothecin. Exogenous application of ethylene 
greatly enhanced camptothecin-induced H2O2 production and PCD, while AVG and 
Ag+ imposed an opposite effect (de Jong et al., 2002). Furthermore, an increase in 
ethylene production under stress conditions might be responsible for some stress-
related symptoms such as growth inhibition, epinasty, senescence and abscission of 
leaves, fruits and flowers, which might be beneficial to plants to maintain normal 
function and to adapt to a stressful environment (Hyodo, 1991).  
 
2.4.2 Effects of PAs  
The role of PAs in stress response is quite complex, with different PAs having 
different effects. While mesophyll-derived protoplasts of oat exhibited a rapid increase 
in putrescine upon sorbitol treatment, spermidine and spermine content declined 
gradually (Flores and Galston, 1982). The accumulation of putrescine in plant cells 
was derived not only from activation of the ADC activity, but also from inhibition of 
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the conversion from putrescine to spermidine by SpdS (Tiburcio et al., 1993). The 
contradictory results were also reported in several dicotyledonous plants, including 
datura, pepper, and vigna aconitifolia, where osmotic treatment resulted in an increase 
in the spermidine and spermine content and a decrease in putrescine as well as ADC 
and ODC activity (Tiburcio et al., 1986). Krishnamurthy and Bagwat (1984) observed 
a significant increase in the putrescine level accompanied by low content of 
spermidine and spermine in salt-sensitive rice (Oryza sativa) cultivars, whereas salt-
tolerant cultivars showed a marked increase in both spermidine and spermine, with 
only a slight increase in putrescine. Spermidine was also demonstrated to play an 
important role in chilling tolerance of cucumber (Shen et al., 2000). During chilling 
treatment, a marked increase in free spermidine was observed in the chilling-tolerant 
cultivar but not in the chilling-sensitive cultivar. Pretreatment of chilling-sensitive 
cultivar with spermidine prevented chilling-induced increase of H2O2 derived from the 
NADPH oxidase activity and alleviated chilling-induced injury. On the other hand, 
prevention of spermidine accumulation by inhibiting SAMDC activity in chilling-
tolerant cultivar enhanced microsomal NADPH oxidase activity and chilling injury 
(Shen et al., 2000). Exogenous application of PAs also protected Arabidopsis against 
paraquat, a herbicide that can induce oxidative stress (Kurepa, 1998).   
 
2.4.3 Oxidative stress 
2.4.3.1 Occurrence and scavenging of ROS 
ROS can be generated during normal metabolism such as photosynthesis and 
respiration. The action of some oxidases such as DAO, PAO (see section 2.3.1), 
glycolate oxidase, oxalate oxidase, glucose oxidase, urate oxidase and acyl CoA 
oxidase, also leads to the production of ROS, especially H2O2 (Hauptmann and 
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Cadenas, 1997; Mittler, 2002). Pathogen attack, as well as some abiotic stresses, such 
as wounding, drought, hypoxia and osmotic shock, have been shown to trigger O2- 
production by NADPH oxidase (Jones et al., 2000; Mittler, 2002). The enhanced 
production of ROS during stress can pose a threat to cells but it is also thought that 
ROS act as signals for the activation of stress-response and defense pathways. ROS 
can induce cell death by membrane lipid peroxidation, protein oxidation, enzyme 
inhibition, and DNA and RNA damage (Mittler, 2002). Alternatively, enhanced levels 
of ROS can activate the programmed cell death (PCD), which is a physiological cell 
death process involved in the selective elimination of unwanted cells (Pennell and 
Lamb, 1997).  
Because of the destructive nature of ROS, especially at high levels under stress 
conditions, it is of great importance for the plants to keep a balance between ROS 
production and consumption. Plants have evolved both non-enzymic and enzymic 
protection mechanisms that efficiently scavenge ROS. Non-enzymic system mainly 
involves small molecules of antioxidants, such as ascorbate (vitamin C), glutathione 
(GSH), α-tocopherols and carotenoids (Inzé and van Montagu, 1995). But more 
efficient destruction of ROS requires the coordinate action of antioxidant enzymes 
(Figure 2). O2- produced in the different compartments of plant cells can be rapidly 
converted to H2O2 by superoxide dismutase (SOD). In organelles such as chloroplasts, 
which contained high levels of ascorbate, direct reduction of O2- by ascorbate is also 
rapid. H2O2 is converted to water and oxygen by the action of catalase (CAT), which 
has high catalytic rate but low substrate affinity (Neill et al., 2002). Alternatively, 
H2O2 can also be converted to water catalyzed by peroxidase, which has a much higher 
affinity for H2O2 than CAT. Usually, this reaction requires a reductant. In plant cells, 
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peroxidase (APX) utilizes two molecules of ascorbate to reduce H2O2 to water, with 
the concomitant generation of two molecules of monodehydroascorbate (MDHA). 
MDHA can disproportionate spontaneously to form ascorbate and dehydroascorbate 
(DHA), or be reduced to ascorbate by MDHA reductase (MDHAR). DHA can also be 
reduced to ascorbate by the action of DHA reductase (DHAR), using GSH as the 
reducing substrate and producing GSSG. GSSG is, in turn, converted back to GSH by 
NADPH, catalyzed by glutathione reductase (GR) (Noctor and Foyer, 1998). This 
reaction is essential for the maintenance of GSH/GSSG balance. The removel of ROS 
through this series of reactions is known as the ascorbate-glutathione cycle (Figure 2) 
(Noctor and Foyer, 1998; Neill et al., 2002). Antioxidant enzymes in this cycle, such as 
SOD, CAT, APX and GR, are all increased as a result of exposure to stress (Bowler et 
al., 1992; Foyer et al., 1994; Durner and Klessig, 1995). 
GSH is an essential plant metabolite involved in many physiological processes, 
such as regulating inter-organ sulphur allocation, acting as a precursor for 
phytochelatin synthesis, and helping to keep the redox balance in the cell (Noctor et 
al., 1998). It is synthesized from glutamate, cysteine and glycine by two sequential 
ATP-dependent reactions. The first reaction forms γ-glutamylcysteine (γ-EC) from 
glutamate and cysteine by the enzyme γ-EC synthetase (γ-ECS), and the second step is 
the formation of GSH by the ligation of glycine to the C-termianl end of γ-EC in the 
reation catalyzed by GSH synthetase (GS) (Noctor et al., 1998).  The GSH pool 
contains most of the non-protein thiol in plant cells. Under most conditions, the 
reduced form (GSH) accounts for more than 90% of the total pool (GSH + GSSG) 
(Noctor et al., 1998). Changes in the total pool size or a shift in the GSH/GSSG ratio 
usually occur during stress responses and have a profound impact upon the capacity of 
the plants to detoxity harmful by-products of the metabolism (Noctor et al., 2002).  
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 In addition to its role in the ascorbate-glutathione cycle, GSH can also act as a 
reductant in H2O2 reduction catalyzed by glutathione peroxidase (GPX) (Edwards et 
al., 2000). Many glutathione S-transferases (GSTs) possess GPX activity, suggesting a 
role of GSTs in detoxifying H2O2 and other hydroperoxides in plants (Marrs, 1996; 
Edwards et al., 2000). GSTs are a large family of enzymes that play essential roles in 
stress responses. The primary function of GSTs is to catalyze the conjugation of GSH 
to hydrophobic, electrophilic, and usually cytotoxic substrates. They can be induced by 
numerous environmental stimuli, encompassing biotic stresses such as pathogen attack 
and fungal elicitors, and abiotic stresses such as herbicides, H2O2, dehydration, UV 
light, cold, wounding, ozone exposure, heavy metals, heat shock and high salt (Marrs, 
1996, Edwards et al., 2000). 
 
2.4.3.2 H2O2 signaling 
Although ROS, when accumulated at high levels, are toxic to plant cells, there 
has been increasing evidence showing that ROS, especially H2O2, can act as signaling 
molecules to control processes such as pathogen defense, PCD, and abiotic stress 
responses (Mittler, 2002), as well as abscisic acid-mediated stomatal closure, auxin-
regulated root gravitropism (Neill et al., 2002).   
A range of trans-acting factors and signaling components have been identified 
to regulate the expression of genes induced by oxidative stress. In E. coli, the 
transcription factor SoxR/SoxS mediated responses to O2-, whereas OxyR activated 
genes responsive to H2O2 (Greenberg et al., 1990; Tsaneva and Weiss, 1990). In S. 
cerevisiae, a GPX was shown to act as an H2O2 receptor to transduce the 
hydroperoxide signal to Yap1, a transcription factor that regulates hydroperoxide 
homeostasis (Delaunay, et al., 2002). It was also demonstrated in this system that 
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primary sensors of osmotic stress, the S1n1p-Ssk1p two-component proteins, were 
involved in sensing oxidative stress specifically induced by H2O2 and diamide (Singh, 
2000). In animal systems, it was found that H2O2 activated the transcription factor NF-
κB, which mediated inflammatory, immune and acute phase responses to a variety of 
stress stimuli. The activation of NF-κB resulted in the rapid induction of genes 
encoding defense and signaling proteins (Schreck et al., 1991; Baeuerle and Baltimore, 
1996). Several plant disease resistance genes with homology to molecules involved in 
NF-κB mediated responses were also identified, implying that similar mechanisms 
might exist in plants (Lamb and Dixon, 1997). 
Components involved in the ROS signal transduction pathway of plants have 
also been identified in recent studies. These include the MAP kinase kinase kinases 
AtANP1 and NtNPK1, the MAP kinases AtMPK3/6 and Ntp46MAPK and 
calmodulin. It was proposed that H2O2 was sensed by sensor similar to the two-
component histidine kinase. The signal was then transduced to calmodulin or a MAP 
kinase cascade and ultimately relayed to transcription factors, resulting in the 
regulation of the expression of diverse genes responsible for stress responses (Mittler, 
2002). Several families of transcription factors, including ethylene-responsive-
element-binding-protein (EREBP), basic-domain leucine-zipper (bZIP), WRKY 
proteins and MYB proteins, have been linked to stress responses (Singh et al., 2002). 
However, the question of whether there are some members in these families that act as 
linkers between ROS signal and stress gene expression remains to be addressed.  
As H2O2 is a relative stable ROS and capable of diffusing across cell 
membranes, it may act as a second messenger for intracellular signaling (Foyer et al., 
1997). In cell suspension cultures of soybean, in addition to triggering PCD in 
challenged cells, H2O2 from the oxidative burst induced by microbial elicitors also 
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functioned as a diffusible signal for the induction in adjacent cells of genes encoding 
cellular protectants, such as GST and GPX (Levine et al. 1994). 
Studies have also demonstrated a signaling role for H2O2 during ABA- and 
auxin-mediated responses (reviewed by Neill et al., 2002). ABA could activate the 
synthesis of H2O2 in guard cells, via NADPH oxidase. On the other hand, H2O2 
mediated ABA-induced stomatal closure and, at micromolar concentrations, activated 
plasma membrane Ca2+ channels (Pei et al., 2000). Moreover, the ABA signaling 
proteins, phosphatase 2C (PP2C), ABA-INSENSITIVE1 (ABI1) and ABI2, were 
positioned in the ABA and H2O2 signaling chain (Murata et al., 2001). Recent reports 
also showed that H2O2 mediated auxin-regulated gravitropic responses (Joo et al., 
2001). This was demonstrated in maize, where gravity induced the asymmetric 
generation of H2O2 in roots, as did asymmetrically applied auxin. Furthermore, 
asymmetric application of H2O2 or antioxidants promoted or inhibited gravitropism, 
respectively.  
 
2.4.4 Plant regeneration in relation to stress/H2O2  
Many studies have shown that stresses play important roles in plant 
regeneration. Shoot-bud formation from hypocotyl explants of flax could be induced 
by treatments of tissues with heat, salt, mineral-stress, ABA and proline and 
decapitation (Mundhara and Rashid, 2001). In rice, stress considerably increased plant 
regeneration from calli (Lee et al., 1999). Cold pretreatment of detached rye tillers 
resulted in an increase in green plant regeneration (Immonen and Anttila, 1999). 
Furthermore, it was found that cold pretreatment in combination with heat shock 
improved androgenetic response of some cultivars of triticale (Immonen and Robinson, 
2000). Severe but non-fatal stress treatments, such as osmotic, heavy metal and 
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dehydration stresses, were shown to be important for inducing SE in vegetative tissues 
of Arabidopsis (Ikeda-Iwai et al., 2003). In protoplast culture, it was found that 
isolation-induced oxidative stress decreased the regeneration capability of protoplasts 
but only protoplasts that were able to accumulate H2O2 had the regeneration potential 
(de Marco and Roubelakis-Angelakis, 1996).  
In some plant species, SE is associated with the level of antioxidant GSH. It 
has been reported that embryogenic calli of conifers contained lower levels of GSH 
than non-embryogenic culture (Wann et al., 1987). In carrot suspension cultures, 
somatic embryo development was improved by suppression of GSH biosynthesis using 
L-buthionine-(S,R)-sulfoximine (BSO), a potent inhibitor of GSH biosynthesis 
(Earnshaw and Johnson, 1985). Oxidation of GSH by H2O2 also improved embryo 
development in carrot (Berglund and Ohlsson, 1995). Because of changes in SOD, 
CAT and peroxidase activities during callus induction and plant regeneration, it was 
proposed that these antioxidant enzymes might serve as markers of in vitro 
morphogenesis (Srivastava and Dwivedi, 2001; Racchi et al., 2001; Takeda et al., 
2003). In addition to GSH and antioxidant enzymes, two pathogenesis-related proteins, 
chitinase and glucanase, were shown to be associated with SE of Picea glauca (Dong 
and Dunstan, 1997) and carrot (Kragh et al., 1996). 
The implication of H2O2 in plant morphogenesis in vitro has been supported by 
results of several recent studies. It has been reported that exogenous application of 
H2O2 (0.2 mM) increased SE frequency from callus of Lycium barbarum (Cui et al., 
1999). Salicylic acid (SA), when added to the cultural medium, remarkably increased 
endogenous level of H2O2 and resulted in enhanced SE from callus of Astragalus 
adsurgens (Luo et al., 2001). This was accompanied by a decrease in the activities of 
two major H2O2 scavenging enzymes, CAT and APX. Treatment of callus with a H2O2 
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trap, dimethylthiourea (DMTU), inhibited SE and counteracted the promoting effect of 
SA (Luo et al., 2001).  
To date, several stress-related hormones and metabolites such as ethylene, 
gibberellic acid (GA), ABA, SA, H2O2 and PAs have been shown to be implicated in 
plant morphogenesis in vitro. It has been speculated that there may be some intrinsic 
correlations among the pathways associated with them. Do these factors act in parallel 
or do they act through a common mechanism? Although these questions remain to be 
addressed, the findings from several recent studies indicating that different signaling 
pathways can crosstalk to one another may provide some clues to the questions. The 
most notable example is the interaction among ethylene, stresses, H2O2, SA and 
jasmonic acid (JA) (Wang et al., 2002). Analysis of the transcriptional profile using 
microarray revealed extensive interactions among different stresses, H2O2 and plant 
hormones, in which H2O2 seemed to play an essential role in the network of these 
pathways (Schenk et al., 2000; Desikan et al., 2001; Cheong et al., 2002; Chen et al., 
2002).  
 
2.5 Genetic control of regeneration 
Although a wealth of physiological and biochemical information regarding 
plant regeneration from cultured tissues has been reported (Pua 1999), its molecular 
mechanism remains poorly understood.  
  
2.5.1 Genotypic variability in Brassica spp. 
There has been increasing evidence showing that the capacity of plant 
regeneration may be controlled genetically. In genus Brassica, which comprises six 
major species in nature, the three diploid species are B. campestris (n=10, AA 
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genome), black mustard (B. nigra, n=8, BB genome), B. oleracea (n=9, CC genome), 
which are the progenitors of the three allotetraploid species, namely, rape (B. napus, 
n=19, AACC), brown mustard (B. juncea, n=18, AABB genome) and Ethiopia 
mustard (B. carinata, n=17, BBCC). Although these species are closely related, there 
is a marked variation in regeneration efficiency among them. In general, plants can be 
regenerated at high frequencies from cultured tissues of B. oleracea, B. albogabra, 
Ethiopian mustard and black mustard, but other species such as B. campestris, brown 
mustard and rape are relatively low regenerative (Jain et al. 1988; Narasimhulu and 
Chopra 1988). It was suggested that poor regeneration might be attributed to the 
presence of the AA genome in B. campestris, brown mustard and rape (Narasimhulu 
et al. 1988). 
Genetic analysis of shoot regeneration from cotyledons of rape by diallel 
crosses using cultivars with differential regeneration capacity also suggested that 
regenerability was controlled genetically, with both additive and dominant effects 
being significant (Ono and Takahata 2000). Results indicated that shoot regeneration 
might be controlled by dominant genes located mainly at the nuclear genome, but 
neither have these genes been isolated nor their identity known. Similar diallel 
analysis has also been carried out to determine genetic control of microspore 
embryogenic potential in rape and B. campestris ssp. pekinensis. It was shown that 
both dominant and additive effects were important for the potential of both species, 
but the additive effects were more important in rape, while the potential of B. 
campestris ssp. pekinensis was contributed mainly by the dominant effects (Zhang 
and Takahata 2001).  
 
2.5.2 Genes involved in shoot organogenesis 
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By exploiting the alteration of culture response of Arabidopsis mutants to 
cytokinin, several genes associated with cytokinin have been identified. These genes 
have been shown to play a role in shoot regeneration. The presence of higher levels of 
endogenous cytokinin favoured shoot regeneration, as demonstrated in amp1 mutant 
(Chaudhury et al., 1993). This mutant contained six times more cytokinin and 
possessed 10-fold higher regeneration frequency compared to wild-type plant. 
Similarly, in the hoc mutant, cultured explants overproducing cytokinin were highly 
regenerative in the absence of exogenous growth regulators (Catterou et al., 2002).  
Although the regulatory mechanism of cytokinin action is not known, it was thought 
to be mediated through the signal transduction pathway leading to cytokinin 
perception and cell proliferation that were regulated negatively by the products of two 
CYTOKININ-HYPERSENSITIVE genes (CKH1 and CKH2) (Kubo and Kakimoto, 
2000). Apart from CKH genes, the cytokinin signaling pathway also involves CKI1 
(Kakimoto, 1996), which encodes a protein similar to the two-component regulators 
consisting of regions homologous to histidine kinase domains and receiver domains. 
It has been reported that overexpression of CKI1 in cultured tissues grown on medium 
with auxin promoted shoot regeneration, whereas control tissues grown on the same 
medium gave rise to calli and roots. It was speculated that CKI1 might act as a 
cytokinin receptor and its overexpression might confer the ability of the cells to sense 
low concentrations of endogenous cytokinin, leading to shoot formation. Another 
histidine kinase gene, CRE1, was also identified based on mutant analysis (Inoue et 
al., 2001). The cre1 mutant was characterized by reduced responses to cytokinin and 
was unable to form shoots even in the presence of cytokinin. However, the 
mechanism whereby CRE1 regulates shoot regeneration remains to be elucidated. 
Banno and co-workers (2001) cloned an ESR1 gene, which encodes a putative 
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transcription factor with an AP2/EREBP domain. Expression of ESR1 could be 
upregulated by exogenous cytokinin. Furthermore, overexpression of ESR1 in 
transgenic plants conferred cytokinin-independent shoot formation from root explants 
(Banno et al., 2001). In rapid-cycling B. oleracea, expression of Brostem, a Brassica 
homologue of Arabidopsis SHOOTMERISTEMLESS, was upregulated during shoot 
regeneration from cultured explants grown on medium supplemented with cytokinin 
(Teo et al., 2001). Increased expression was detected after treatment of explants for 4 
h with cytokinin and persisted during the processes of cell proliferation and shoot 
differentiation. The implication of genes associated with cytokinin and auxin and 
their signaling has been confirmed by a global analysis for gene expression during 
shoot regeneration of Arabidopsis (Che et al., 2002). 
Some regeneration-related genes that are not associated directly with 
cytokinin have also been isolated. These include CUC1 and CUC2 (CUP-SHAPRED 
COTYLEDON), which encode NAC domain-containing proteins, whose mutations 
resulted in decreased shoot regeneration from calli of Arabidopsis (Takada et al., 
2001; Daimon et al., 2003). The calli that overexpressed CUC1 and CUC2 genes 
showed a marked increase in adventitious shoot formation. Characterization of ire1 
(increased shoot regeneration1) mutant indicated that IRE1 gene might play a role in 
the early event of morphogenesis even before the tissues acquired the organogenic 
competency and organ specification in response to hormonal signals (Cary et al., 
2001). This mutant was neither hypersensitive nor was it an overproducer of 
cytokinin but tissues, when grown on medium with appropriate hormones, gave rise 
to adventitious shoots or roots at high frequencies.  
 
2.5.3 Genes involved in SE 
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Apart from shoot regeneration, SE is also associated with several novel genes. 
Two seed-specific transcription factor genes, LEAFY COTYLEDON1 (LEC1) and 
LEC2, which encode a homologue of CCAAT box-binding factor and a B3 domain 
protein, respectively, were shown to play a role in SE. Ectopic expression of either 
gene promoted somatic embryo formation on the vegetative tissues of the plant 
(Lotan et al., 1998; Stone et al., 2001). A study also demonstrated that the expression 
pattern of ZmLEC1, a maize homologue of Arabidopsis LEC1, during SE was similar 
to that of zygotic embryogenesis (Zhang et al., 2002). It was suggested that ZmLEC1 
expression might be used as a molecular marker for detection of the early event of 
SE. A kinase gene, SOMATIC EMBRYOGENESIS RECEPTOR KINASE (DcSERK) 
that encoded a Leucine-rich repeat transmembrane receptor-like kinase, also 
expressed preferentially at the early stages of zygotic embryonesis in carrot (Schmidt 
et al., 1997). Further study on luciferase gene expression under the control of the 
DcSERK promoter in cultured carrot cells has led to the suggestion that DcSERK may 
mark the somatic cells competent to form embryos. The role of DcSERK in SE has 
been supported by culture response of transgenic Arabidopsis overexpressing 
AtSERK1, an Arabidopsis homologue of DcSERK (Hecht et al., 2001), where tissues 
showed an increase in embryogenic competence in culture. Unlike SERK genes 
whose expression promoted SE in the presence of hormones, the root explants of the 
pickle (pkl) mutant was capable of regenerating embryoids in the hormone-free 
medium, but this ability could be suppressed by exogenous application of GA (Ogas 
et al., 1997). Further study on the effect of the GA inhibitor (uniconazole-P) and 
double mutant characterization indicated that pkl plants were defective in a GA 
signaling pathway, suggesting the possible implication of GA in SE. Spontaneous 
plant regeneration from cultured tissues of Arabidopsis and rape in hormone-free 
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medium could also be achieved by ectopic expression of BABY BOOM (BBM), which 
is a member of the AP2/ERF family of transcription factors (Boutilier et al., 2002). 
This culture response suggests that BBM may act to acquire morphogenic 
competence in cells by stimulating hormone production and/or increased sensitivity to 
hormones. In soybean, the gene expression profile in embryogenic adaxial and non-
embryogenic abaxial sides of the cotyledon was compared using clustering of 
microarray data of 9280 cDNAs (Thibaud-Nissen et al., 2003). It was found that the 
occurrence of SE from adaxial side involved changes in expression of genes, 
especially those associated with oxidative stress and cell division. It was suggested 
that the conversion of new cells to organized structure might be associated with 
genetically controlled balance between cell proliferation and cell death (Thibaud-
Nissen et al., 2003).  
 
 
3  MATERIALS AND METHODS 
 
3.1 Plant materials 
3.1.1 Brown mustard (Brassica juncea (L.) Czern and Coss) 
Plant culture of brown mustard was initiated from aseptically germinated 
seedlings grown on hormone-free Murashige and Skoog (MS) medium (1962) 
supplemented with 20 g/l sucrose and 3 g/l Gelrite (Sigma, St. Louis, USA) as gelling 
agent, which is referred as germination medium (GM). For germination, seeds were 
surface-sterilized sequentially by dipping into 70% ethanol for 30-60 s and 15% 
Clorox® (1% sodium hypochlorite) solution for 20 min before placing on GM. After 
incubation in the dark for two days, seeds were transferred to a tissue culture room 
under a 16-h light and 8-h dark cycle with a photon fluence rate of 30-50 µE.m-2.s-1 
from Sylvania cool white F37T8/CW fluorescent lamps. The temperature was 
maintained at 23 ± 2°C. The plants were maintained by subculturing at a monthly 
interval on the rooting medium consisting of MS medium supplemented with 30 g/l 
sucrose, 0.1 mg/l indole-3-butyric acid (IBA) (Sigma) and 3 g/l Phytagel (Sigma) as 
gelling agent.  
 
3.1.2 Arabidopsis thaliana 
Arabidopsis ecotype Col-0 (LEHLE seeds, U.S.A.) was grown on commercial 
potting compost in an environmental-controlled growth chamber (BIOTRON, Nippon 
Medical & Chemical Instruments Co., Ltd.) with 16-h photoperiod at light intensity of 
50-100 µE.m-2.s-1. The temperature was kept at 24oC day/22oC night and the humility 
at 70%.  Plants were watered regularly (once every 2-3 days) to prevent desiccation. 
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 3.2 Chemical treatments 
The 3rd and 4th leaves of in vitro-grown mustard plants or the aerial part of 
Arabidopsis were excised and transferred to a 50-ml tube with 30 ml solution 
containing different chemicals (Table 1). Leaves impregnated with water were used as 
control. After incubation for different periods of time at room temperature, leaves were 
harvested for RNA isolation.  
Seeds were sown in GM plates containing different chemicals (Table 1). The 
plates were chilled for 3 days at 4°C before transfer to a tissue culture room. After 9 
days, the root length of 15-20 seedlings for each treatment was measured.  
 
3.3 Shoot regeneration from cultured explants 
Leaf disc explants of mustard prepared from developing leaves of plant culture 
were grown on MS medium supplemented with 1 mg/l α-naphthaleneacetic acid 
(NAA), 2 mg/l benzyladenine (BA) and 10 µM AgNO3, which was referred to as shoot 
induction medium (SIM) (Pua and Lee, 1995). Explants were also grown on the 
control medium (CM), which was similar to SIM but AgNO3 was excluded. Cultures 
were kept in a tissue culture room. 
For Arabidopsis, leaf disc explants were first cultured on callus induction 
medium (CIM) consisting of MS medium with 20 g/l sucrose, 0.5 mg/l 2,4-
dichlorophenoxyacetic acid (2,4-D), and 0.05 mg/l 6-furfurylaminopurine (kinetin). 
After 6 days of culture, explants were transferred to shoot induction medium (SIM-A), 
consisting of MS medium with 20 g/l sucrose, 0.15 mg/l indole-3-acetic acid (IAA) 





Table 1. Chemicals used for treatments. 
Chemicals Concentration Solvent  Manufacturer 
2,4-D 0.2 mM Ethanol  Sigma, St. Louis, USA 
ACC 1 µM, 0.5 mM Water  Sigma, St. Louis, USA 
ABA 0.5 mM 1N NaOH Sigma, St. Louis, USA 
AgNO3 10 µM Water Sigma, St. Louis, USA 
AVG 10 µM Water Sigma, St. Louis, USA 
BA 100 ng/ml 1N NaOH Sigma, St. Louis, USA 
BSO 0.2, 0.5, 1 mM Water ICN Biomedicals, USA 
DMTU 5 mM Water Sigma, St. Louis, USA 
GA 20 µM, 0.1 mM Ethanol Sigma, St. Louis, USA 
GSH 0.5, 2, 5 mM Water Sigma, St. Louis, USA 
H2O2 1, 2, 5, 10, 20, 50, 100 mM Water BDH, Poole, England 
HgCl2 0.1 mM Water Sigma, St. Louis, USA 
IAA 300 ng/ml 1N NaOH Sigma, St. Louis, USA 
MJ 10 µM, 2 mM Ethanol  Sigma, St. Louis, USA 
NaCl 200 mM Water Merck, Armstadt, Germany
Prq 10, 20 µM Water Sigma, St. Louis, USA 
SA 50 µM, 0.2 mM Water Sigma, St. Louis, USA 
Spd 1, 20 mM Water ICN Biomedicals, USA 
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3.4 Gene cloning  
3.4.1  Cloning of polymerase chain reaction (PCR)-amplified products  
To conduct PCR, the reaction mix containing 10 mM Tris-HCl (pH 8.8), 50 
mM KCl, 1.5 mM MgSO4, 1% Triton-X100 and 0.02 mM dNTP mix was prepared. An 
additional 1.5 mM MgSO4 was added to the reaction mix for DNA amplification. Prior 
to PCR, several components were added to the reaction mix. These components were 
10 pmol upstream and downstream primers, 1.5 µl DNA template, and 1U 
Dynazyme™ Thermostable DNA Polymerase (Finnzymes Oy, Finland). PCR was 
carried out at 94oC for 5 min, followed by 30 cycles of denaturation at 94oC for 30 s, 
annealing at 53oC for 45 s and extension at 72oC for 2 min, and final extension at 72oC 
for 5 min. The PCR products were separated on 1% agarose gel by electrophoresis. 
The expected DNA fragment was cut out from the agarose gel and eluted using the 
QIAEX II Agarose Gel Extraction Kit (Qiagen) according to manufacturer’s 
instructions.  
The purified PCR amplified DNA fragment was cloned into the pGEM®-T 
Easy Vector (Promega, Madison, WI) by a “T-A” complementary ligation strategy  
(Figure 3). To do this, 20 ng DNA was mixed with 50 ng pGEM®-T Easy vector in the 
reaction mix containing 1X of T4 DNA Ligase Buffer and 3U of T4 DNA ligase. The 
ligation mixture was incubated overnight at 4oC. The recombinant plasmid was then 
transformed into the competent cells of E. coli DH5α as described below.  
 
3.4.2 Bacterial transfection 
Prior to cell transformation, competent cells of E. coli DH5α were prepared.  A 
100 µl of overnight-grown bacterial culture was transferred to 200 ml of LB medium 








Figure 3. pGEM®-T Easy vector. PCR amplified fragment with an A-overhan
was ligated with the T-overhang flanked by T7 and SP6 promoter (Promega). 
 g 
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 The bacterial culture was kept on ice for 5 min, then spun down by centrifuging at 
3500 rpm for 10 min at 4oC. The bacterial pellet was resuspended in 5 ml ice-cold 
0.1M CaCl2, centrifuged as previously described, and the pellet was resuspended in 1 
ml of 0.1 M CaCl2 and kept on ice overnight before used for transformation. 
Transformation was carried out by mixing the recombinant plasmid with 100 µl 
competent cells in a 15-ml polystyrene tube. Upon incubation on ice for 30 min, the 
cells were heat-shocked for 90 s at 42°C, placed on ice for 2 min, and 1 ml of LB broth 
was added. The culture was incubated at 37oC for 45 min with shaking, then plated on 
LB agar medium supplemented with 100 mg/l ampicillin. The plate was pre-coated 
with 20 µl of 0.2 M isopropylthio-β-D-galactoside (IPTG) and 40 µl 2% X-gal. The 
culture plates were incubated overnight at 37°C, and the bacterial colonies that were 
white in appearance were picked. 
 
3.4.3 Plasmid DNA isolation 
Plasmid DNA was isolated using the QIAprep Spin Miniprep Kit (Qiagen) 
according to the manufacturer’s recommendations. The bacterial cells cultured for 12-
16 h were first centrifuged for 5 min at 14 000 rpm in the Eppendorf Centrifuge 
5415D. The pellet was resuspended in Cell Resuspension Buffer P1. The Cell Lysis 
Solution P2 was then added to the culture, after which the solution was neutralised by 
Neutralisation Solution N3. The lysate was centrifuged to remove the cell debris. The 
clear lysate was then added to the QIAprep spin column for binding of the plasmid 
DNA to the resin. After the lysate had passed through the column by centrifugation, 
the column was washed using Buffer PE to clean the plasmid DNA. The Buffer PE 
was removed completely from the resin by brief centrifugation as it contained ethanol. 
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The plasmid DNA was then eluted from the resin with 50 µl of sterile distilled water or 
Buffer EB (10 mM Tris-HCl, pH 8.5). 
 
3.4.4  DNA sequencing and analysis 
The nucleotide sequence of cDNA was determined using the ABI PRISMTM 
Big Dye and dRhodamine Terminator Cycle Sequencing Ready Reaction Kit (Applied 
Biosystem, Perkin-Elmer, USA). Prior to sequencing, the reaction was prepared by 
mixing 200 ng of double-stranded DNA with 1.6 pmole of appropriate primers and 4 
µl Terminator Ready Reaction Mix, the final volume was adjusted to 10 µl with 
deionised water. This was followed by PCR, which was performed by denaturation at 
96 oC for 10 s, annealing for 5 s at 50 oC and extension at 60 oC for 4 min. The reaction 
was repeated for 25 cycles and held at 4 oC. The amplified products were precipitated 
for 15 min in 80 µl 75% isopropanol at room temperature. The mixture was 
centrifuged for 20 min at 14 000 rpm and the pellet was washed with 250 µl 75% 
isopropanol, air dried, and dissolved in 4 µl loading buffer consisting of formamide, 25 
mM EDTA (pH 8.0) and 50 mg/ml blue dextran. The DNA sample was heat-denatured 
for 2 min at 95 oC and placed on ice before loading. Sequencing was performed using 
the ABI PRISMTM 377 DNA sequencer (Applied Biosystem). The identity of the 
cDNA was determined by BLAST nucleotide homology search on the National Centre 
for Biotechnology information (NCBI) website 
(http://www.ncbi.nlm.nih.gov/BLAST/). 
 
3.5 Probe labeling 
3.5.1 DNA probes  
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The non-radioactive digoxigenin (DIG)-labelled DNA probes were prepared 
using the PCR DIG Probe Synthesis Kit (Roche Diagnostics GmbH, Germany). PCR 
was carried out as described in Section 3.4.1 using DIG dNTP labelling mix to 
substitute ordinary dNTP. PCR products were purified using the Pure-GeneTM Gel 
Extraction Kit (BST TechLab) as described by the manufacturer.  
The yield of the DIG-labelled probe was estimated using the spot test with the 
control DNA supplied by the manufacturer. A series of dilutions (102, 104, 3.3x105, 
105, 3.3x106, 106, 3.3x107 and 107 times) of both control DNA and the DIG-labelled 
probe were prepared, and 1 µl of each dilution was applied onto a positively charged 
nylon membrane. The DNA on the membrane was cross-linked by UV radiation, after 
which colorimetric detection of the probe was performed by incubating the membrane 
in blocking solution (Roche Diagnostics GmbH) at room temperature with shaking. 
This was followed by incubation with the anti-DIG-alkaline phosphatase Fab 
fragments (Roche Diagnostics GmbH), which was diluted 5000 times in blocking 
solution. The membrane was washed twice at room temperature in washing buffer (0.1 
M maleic acid, 0.15 M NaCl (pH 7.5) and 0.3% (w/v) Tween 20), each for 15 min. 
Colorimetric detection was performed by overnight incubation in the dark at 37°C with 
45 µl of 4-nitro-blue-tetrazolium chloride (NBT) and 35 µl of 5-bromo-4-chloro-3-
indolyl-phosphate (BCIP), which was diluted in 10 ml detection buffer (100 mM Tris-
HCl (pH 9.5) and 100 mM NaCl). The detection was conducted using anti-DIG-
alkaline phosphatase antibodies, which could bind to DIG-labelled dUTP and 
visualized using BCIP as substrate for the alkaline phosphatase that resulted in a 
colored product. The probe synthesis was determined based on its intensity of the 
colored spots relative to that of the DIG-labelled control. 
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3.5.2  RNA probes 
To synthesize AtGST antisense RNA probe, the DIG RNA labelling kit was 
used (Roche Diagnostics GmbH). The template used for labelling was amplified by 
PCR from the pGEM®-T Easy Vector with the AtGSTF2 gene using T7 primer and a 
gene specific primer GST-Ara5 (5’- GAGCGATTACTCAGTACATAGCTCAC –3’). 
After purification, 1 µg of template was mixed with 2 µl 10X DIG RNA labelling mix, 
2 µl 10X transcription Buffer, 2 µl T7 RNA and adjusted to the final volume of 20 µl 
with RNase-free water. After incubated for 2 h at 37°C, the RNA probe was 
precipitated by mixing with 0.1 volume of 4 M LiCl and 2.5 volumes of chilled 
ethanol. The concentration of RNA probe was estimated by the procedure similar to 
that of DIG-labelled DNA probe described in Section 3.5.1. 
 
3.6  Genomic DNA isolation and Southern analysis 
Genomic DNA was isolated using the DNAzol ES kit (Molecular Research 
Centre, Inc., USA).  Plant tissue was homogenized in liquid nitrogen with mortar and 
pestle, after which the appropriate amount of DNAzol ES (1.5 ml/0.5 g of plant tissue) 
was added. The samples were kept for 5 min at room temperature, after which an equal 
volume of chloroform (1 ml of chloroform per 1 ml of DNAzol ES) was added and the 
sample was shaken vigorously for 20 s. After 5 min, the mixture was centrifuged for 
10 min at 12 000 g, and DNA in the aqueous solution was precipitated for 5 min by 
mixing with 0.75 volume of ethanol. The DNA was pelleted by centrifugation, 
resuspended in 0.15-0.2 ml water, and washed with 10 volumes of DNAZolES-ethanol 
wash solution (1 volume of DNAzol ES to 0.75 volume of 100% ethanol). The sample 
was kept for 5 min at room temperature, centrifuged at 5000 g for 4 min, then air dried 
and solubilized in sterile distilled water. 
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For Southern analysis, 15 µg of genomic DNA was digested with different 
endonucleases and separated on 1% agarose gel by electrophoresis in 1X TBE buffer. 
The gel was treated with 0.25 N HCl for 10 min for DNA depurination, then denatured 
in denaturation solution (0.5 N NaOH/1.5 M NaCl) twice, each for 15 min with 
shaking, rinsed with sterile water, and transferred to the neutralization solution (0.5 M 
Tris-HCl (pH 7.5) and 3 M NaCl) twice, each for 15 min, with shaking. The DNA was 
transferred overnight onto a positively charged membrane by capillary action in 20X 
SSC (3 M NaCl and 0.3 M sodium citrate (pH7.0)). The membrane was cross-linked, 
and pre-hybridized at 42°C for 2 h in DIGTM Easy Hybridization buffer, followed by 
overnight hybridization at 42°C in the same buffer containing 25 ng/ml of DIG-labeled 
DNA probe prepared as described in Section 3.5.1. The membrane was washed in 2X 
SSC/0.1% SDS twice, each for 5 min at room temperature, followed by 0.5X 
SSC/0.1% SDS twice, each for 15 min, at 68°C and 0.1X SSC/0.1% SDS for 15 min at 
68°C. Detection of hybridised signal was carried out using the chemiluminescent 
method similar to the colorimetric method as described in Section 3.5.1 except that 
CSPD was used instead of NBT/BCIP. The chemiluminescent signal on the membrane 
was captured on an X-ray film after CSPD was applied. 
 
3.7 RNA isolation and northern blot analysis 
3.7.1 TRI REAGENT method 
Total RNA was isolated using the TRI REAGENT kit (Molecular Research 
Centre, Inc., USA) as described by the manufacturer. Plant tissues (0.1 g) were 
pulverised in liquid nitrogen with autoclaved pestle and mortar, and transferred to a 1 
ml of TRI REAGENT. After vortexing, the lysate was stored for 5 min at room 
temperature and 0.2 ml chloroform was added. The mixture was shaken vigorously for 
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15 s and stored at room temperature for 10 min before centrifugation at 4°C for 15 min 
at 14,000 g. The aqueous phase was transferred to a new tube and 0.5 ml isopropanol 
was added to precipitate RNA. The sample was stored at room temperature for 10 min 
and centrifuged at 14,000 g for 8 min at 4°C. The RNA pellet was retained, washed 
with 1 ml 75% ethanol, pelleted by centrifugation, air-dried, and dissolved in 30 µl 
RNase-free water. 
 
3.7.2 CTAB method 
To extract total RNA from callus tissue, the CTAB method was employed as 
described previously (Liu et al. 1998) with modifications. In general, 1.0 g tissue was 
pulverized in liquid nitrogen and RNA was extracted in 10 ml buffer containing 2% 
(w/v) hexadecyltrimethylammonium bromide (CTAB), 2% (w/v) polyvinylpyrrolidone 
(PVP, MW 40,000), 100 mM Tris-HCl (pH 8.0), 25 mM EDTA, 2 M NaCl, 0.5 g/l 
spermidine and 2% (v/v) β-mercaptoethanol. After incubated for 20 min at 65°C, the 
mixture was centrifuged at 3500 rpm for 30 min, and the supernatant was extracted 
twice with equal volume of chloroform/isoamyl alcocol (24:1). RNA in the aqueous 
phase was precipitated on ice overnight with 0.25 volume of 10 M LiCl, pelleted by 
centrifugation, and dissolved in RNase-free water. To improve the RNA purity, RNA 
was re-extracted with chloroform/isoamyl alcohol (24:1), precipitated with 0.1 volume 
of 3M sodium acetate and 2.5 volumes of absolute alcohol. After centrifugation, RNA 
pellet was washed with 75% ethanol, air dried, and dissolved in RNase-free water.  
 
3.7.3 Northern blot 
For northern analysis, total RNA was denatured for 1 h at 50°C in glyoxal/ 
dimethyl sulfoxide (DMSO) mix (1.3 M glyoxal, 70% DMSO and 10 mM phosphate 
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buffer, pH7.0), separated on 1% (w/v) agarose/NaPO4 gel by electrophoresis, and 
transferred overnight onto a positively charged nylon membrane by capillary action. 
After the RNA was crosslinked by UV radiation and prehybridization, it was 
hybridized overnight at 50°C in DIG Easy Hyb buffer containing DIG-labeled DNA 
probe. The membrane was washed twice (15 min each) in 2X SSC/0.1% SDS at room 
temperature, and twice (15 min each) in 0.5X SSC/0.1% SDS at 68°C. 
Chemiluminescent detection of the hybridization signal was carried out according to 
manufacturer’s instructions.   
For northern analysis using RNA probe, the similar procedure was used except 
that the temperature for prehybridization and hybridization was 68°C. 
 
3.8 mRNA differential display  
mRNA differential display was carried out as described previously (Liang and 
Pardee, 1992) with modifications. For the 1st-strand cDNA synthesis, total RNA from 
6-day-old tissues grown on SIM and CM was treated with RNase-free DNaseI. The 
single-strand cDNA product was used as template in PCR, which was performed 
according to the protocol of DeltaTM Differential Display Kit (Clontech Laboratories, 
Inc., USA). PCR began with one cycle of denaturation at 94°C, annealing at 40°C and 
extension at 68°C, each for 5 min, and two cycles of denaturation and annealing, each 
for 30 s, and 5 min of extension at 68°C. This was followed by 25 cycles of 
denaturation for 20 s at 94°C, 35 s of annealing at 60°C and 2 min of extension at 
68°C. A final elongation step was carried out at 68°C for 7 min. A total of 90 primer 
combinations were employed. For each pair of primers, differential display reverse 
transcription PCR (DDRT-PCR) was repeated at least once with different reverse-
transcription and PCR conditions. The PCR-amplified products, labelled with 35S-
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dATP, were separated on 5% denaturing polyacrylamide gel, dried, and exposed for 
36-48 h to an X-ray film.  
The desired cDNA bands were eluted, re-amplified by PCR, cloned into 
pGEM-T Easy vector, and transfected into E. coli DH5α. The individual transformed 
colonies were verified by PCR using SP6 and T7 primers. The PCR-amplified products 
were verified by restriction analysis using HpaII and RsaI. 
 
3.9 Quantitative Reverse Transcription PCR (RT-PCR) 
RT-PCR was carried out using the TITANIUMTM One-Step RT-PCR Kit 
(Clontech Laboratories) according to manufacturer’s instruction. The DNaseI-treated 
total RNA (100 ng) was used as template, while the specific primers used for 
BjBSTF2, SRKKK and ACTIN are listed below.  
GST-RT5 (5’- AAGACGGCGAGCACAAGAAAGAG –3’) 
GST-RT3 (5’- GAAGCAGAATCATTTTCTTTTCCTTTTG –3’) 
SRKKK-RT5 (5’- CCCAGGGGAACATAGTTCTAGTACCA –3’) 
SRKKK-RT3 (5’- ACTTTCGTCGCCAGTAGATCTGTC –3’) 
ACTIN-RT5 (5’- CTGGCATCACACTTTCTACAA(C/T)GAGC –3’) 
ACTIN-RT3 (5- CCTTC CTGAT(G/A)TCCAC(G/A)TCACACTTC –3’) 
In PCR, the cycle number for each gene was optimised to allow the 
amplification in the exponential stage. The optimal number for BjGSTF2, SRKKK and 
ACTIN was 24, 29 and 20 respectively. The PCR products were separated on 1.5% 
agarose gels and stained with ethidium bromide.  
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3.10 Cloning of Full-length cDNA by rapid amplification of cDNA 
ends (RACE) 
3.10.1  5’-RACE  
The SMART™ RACE cDNA Amplification kit (Clontech Laboratories) was 
used to identify the 5’- end sequences. The method was based on the mechanism for 
generating the full-length cDNA in reverse transcription reactions by joint action of the 
SMART II oligonucleotide and MMLV reverse transcriptase (RT). When certain 
MMLV RT variants reached the end of the RNA template, they exhibited a terminal 
transferase activity that added 3-5 residues (predominantly dC) to the 3’ end of the 
first-strand cDNA. This activity was harnessed by the SMART oligo, whose terminal 
stretch of dG residues could anneal to the dC-rich cDNA tail and served as an extended 
template for RT. After RT switched templates from the mRNA molecular to the 
SMART oligo, a complete cDNA copy of the original RNA was synthesized with the 
additional SMART sequence at the end. Since the dC-tailing activity of RT was most 
efficient if the enzyme reached the end of the RNA template, the SMART sequence 
was typically added only to complete first-strand cDNAs. This process facilitated the 
formation of a set of cDNAs with a long 5’ sequence. 
In the reaction mixture, 1 µg total RNA was mixed with 1 µl 5’-CDS primer 
(the modified oligo(dT) primer provided by the manufacturer), 1 µl SMART II oligo 
and the final volume was adjusted to 5 µl with RNase-free sterile water. After 
incubation at 72°C and on ice, each for 2 min, the mixture was added with 2 µl 5X 
first-strand buffer, 1 µl DTT (20 mM). 1 µl dNTP mix (10 mM each), and 1 µl MMLV 
RT (200 U/µl) and incubated for 1.5 h at 42°C. After heat treatment (72°C) for 7 min, 
the first-strand reaction product (5’-RACE ready cDNA) was diluted with Tricine-
EDTA buffer before using for PCR amplification. 
 51
The PCR reaction was prepared by mixing 34.5 µl sterile distilled water, 5 µl 
10X Advantage 2 PCR buffer, 1 µl dNTP mix (10 mM each), 1 ul Advantage 2 
plymerase, 2.5 µl 5’-RACE ready cDNA, 5 µl UPM, and 1 µl GSP1 (10 µM). PCR was 
performed for 30 cycles, each at 94°C for 5 s, 68°C for 10 s, and 72°C for 3 min. The 
products were separated by gel electrophoresis, purified using the Pure-GeneTM Gel 
Extraction Kit, cloned into the pGEMT®-T easy vector, and transformed into E. coli 
DH5α.  
 
3.10.2  3’-RACE  
The 3’-CDS primer (provided by the manufacturer) that contains 30 dTs and an 
adaptor at the 5’-end of the primer was used for 3’-RACE ready cDNA synthesis. The 
reaction condition was similar to that in 5’-RACE except that the 3’-CDS primer was 
used to substitute 5’-CDS and SMART II oligo. PCR was carried out as previously 
described (Section 3.10.1) except that 3’-RACE ready cDNA and primer GSP2 were 
used. After gel electrophoresis, PCR products were purified and cloned into the 
pGEMT®-T easy vector for sequence analysis.  
 
3.10.3  Generation of full-length cDNA sequences  
To amplify the full-length GST and SRKKK genes from the 5’-RACE Ready 
cDNA library, primers were designed based on the 5’- and 3’-end sequences of GST 
and SRKKK. These primers were given below:  
GST-5 (5’- CCTTCACATTCAACATTAATTAAACAC –3’) 
GST-3A (5’- GATCTCTCAAGAACACACACATAACTG –3’) 
GST-3B (5’- CAA(G/C)AAA(T/G)ATCTCTCAAGAACACACAC –3’) 
SRKKK-5 (5’- CACAA GCTCC TCTCC ACCAA CCTCT G –3’) 
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SRKKK-3 (5’- GATTT GCAAC TTTGG TCTTT CTTCT TCTG –3’) 
PCR was conducted as described in Section 3.4.1 except that the annealing 
temperature was increased to 58°C for GST and 64°C for SRKKK. 
 
3.11 Cloning of the promoter sequence  
3.11.1  Construction of GenomeWalker libraries 
 The universal GenomeWalkerTM Kit (Clontech Laboratories) was used to 
isolate the genomic DNA sequences upstream of the 5’-untranslated region (UTR) of 
both GST and SRKKK genes, as illustrated diagrammatically in Figure 4. The high 
molecular weight genomic DNA (> 50 kb) was isolated from young leaf of mustard as 
described in Section 3.6. To generate blunt-end digestions of genomic DNA, a total of 
5 enzymatic reactions were prepared in 1.5 ml tubes labelled as DL1 to DL5. Each 
digestion consisted of 25 µl of genomic DNA (0.1 µg/µl), 8 µl of restriction enzyme 
(DraI, EcoRV, PvuII, ScaI and StuI), 10 µl enzyme buffer (10X), and 57 µl deionized 
water. The reactions were incubated at 37°C overnight. The digested DNA was 
purified by phenol/chloroform extraction, ethanol precipitation and dissolved in 20 µl 
sterile water. 
Five ligation reactions, each consisting of 4 µl digested DNA, 1.9 µl 
GenomeWalkerTM Adaptor (25 µM), 1.6 µl ligation buffer (5X), and 0.5 µl T4 DNA 
ligase (1 unit/µl) were prepared. The reactions were incubated overnight at 16oC, 
inactivated by heating for 5 min at 70°C, and diluted with 72 µl TE buffer (pH 7.4). 
 
3.11.2  Cloning of BjGSTF2 and SRKKK promoters by Genome Walking strategy 
After the libraries were constructed, the PCR-based DNA walking in Genome 
Walker libraries was performed (Figure 4). For the first round of walking, the outer
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DraI       EcoRV     PvuII     ScaI        StuI
• Digest separate aliquots with restriction enzymes 
• Ligate to GenomeWalker Adaptor 







GSP2 Genomic DNA Fragment 
Secondary or “nested” PCR AP2GSP2
Ligate into the pGEMT 
Easy vector 
Figure 4. Diagrammatic representation of primary and secondary genome 
walking. The primers used for primary and secondary PCR was AP1/ GSP1 and 
AP2/GSP2, respectively (Clontech Laboratories).  
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adaptor primer AP1 (5’- GTAATACGACTCACTATAGGGC -3’) provided in the kit 
and BjGSTF2 specific primer GSP1 (5’- GCCTAGCCTCGTACACATCAAGAACC –
3’) were used. After the primary PCR amplification, the PCR product was diluted and 
used as templates for the secondary “nested“ PCR with the nested adaptor primer AP2  
(5’- ACTATAGGGCACGCGTGGT -3’) and a nested BjGSTF2 specific primer GSP2 
(5’- TGCGTAGTGGGATATGTTCTTGGAGTC –3’). The Advantage® 2 PCR 
Enzyme System (Clontech Laboratories) was used to offer high fidelity and 
consistency in PCR amplification. For SRKKK gene, the sequences of GSP1 primer 
and nested GSP2 primer were 5’- CTTCGTCGGGTTGATTGGGAGTGATGTG –3’ 
and 5’- GCTCCGAACGCTATCGGGCATTTG –3’, respectively. 
PCR was conducted according to the parameters of the two-step cycle. The first 
round was 7 cycles at 94°C for 25 s, 72°C for 3 min and the second round was 32 
cycles at 94°C for 25 s, 67°C for 3 min. This was followed by an additional 7 min at 
67°C, after which the PCR products were analysed on 1% agarose gel. The major 
bands obtained from the secondary PCR amplification were purified from the gel and 
cloned into the pGEMT®-T Easy vector (Promega). The nucleotide sequences of the 
DNA insert was determined by DNA sequencing.  
 
3.12 Construction of chimeric genes 
3.12.1  Generation of sense and antisense constructs 
For generation of the GST sense construct, a 887-bp DNA fragment including 
the start and stop codons of the BjGSTF2 gene containing an inserted BamHI 
restriction site at the 5’-end was amplified by PCR. After digestion with BamHI, the 
cDNA was inserted in a sense orientation between the CaMV 35S promoter and 
nopaline synthase (NOS) terminator in pBI121 vector predigested with SacI and 
 55
BamHI, where the SacI site was blunted by T4 DNA polymerase (Figure 5). This 
recombinant plasmid was transferred into E. coli DH5α and the clone was verified by 
restriction and sequencing analysis. This construct was designated as GST-S. 
For the GST antisense construct, a DNA fragment of BjGSTF2 containing a 
SacI site was amplified by PCR using pfu polymerase to create blunt ends. After 
digenstion with SacI, the resulting 519-bp fragment was ligated into pBI121 
predigested with SmaI and SacI (Figure 5). This fragment shares 90% identity with the 
Arabidopsis counterpart (AtGSTF2) and can be used to repress GST expression in 
Arabidopsis. The clone that harboured the plasmid with GST insert in an antisense 
orientation between the 35S promoter and NOS terminator was verified by PCR and 
restriction analysis.  This antisense construct was designated as GST-A.  
 
3.12.2  Generation of double-stranded construct 
The double-stranded construct of BjGSTF2 was produced as described by 
Chuang and Meyerowitz (2000). Generally, the construct consisted of a β-
glucuronidase (GUS) segment (nucleotides 787-1809) flanked by the two BjGSTF2 
fragments with the same sequence in reverse directions. The BjGSTF2 fragment used 
for the double-stranded construct was 7-bp shorter than that used for GST-A. The 
synthesized larger fragment was first cloned into pGEMT®-T easy vector and later 
introduced into pBI121 between the SmaI and SacI sites under the control of 35S 
promoter (Figure 5). This construct was designated as GST-DS.  
GST-S, GST-A and GST-DS constructs were mobilized into Agrobacterium 
tumefaciens LBA4404 using triparental mating method as described previously 
(Rogers et al., 1986). All A. tumefaciens cultures were grown and maintained at 28°C 





























GST antisense construct (GST-A)  
GST-A (693-175) NOS-T 35S-PNOS-T 
RB 
NOS-P NPT II (Kanr) 
LBRB 
GST sense construct (GST-S) 
GST-sense (5-891) NOS-T 35S-PNOS-T NPT II (Kanr) NOS-P
 GST double-stranded 
construct (GST-DS) RB 
NOS-P NPT II (Kanr) 
LB
NOS-T NOS-T GST-DS insert 
GST (182-693)GUS (787-1809) 
35S-P
GST (693-182)
Figure 5. Chimeric gene constructs carrying BjGSTF2 cDNAs. A 887-bp BjGSTF2
DNA fragment (nucleotides 5-891) was used to construct GST-S, while the 519-bp 
(nucleotides 175-693) and the 512-bp (nucleotides 182-693) fragments were used in 
GST-A and GST-DS constructs, respectively. All constructs were ligated into pBI121 
vector under the control of 35S promoter. NOS-P, nopaline synthase promoter; NOS-
T, nopaline synthase terminator; NPT II (Kanr), neomycin phosphotransferase II 
(kanamycin resistance); 35S-P, CaMV 35S promoter; GUS, β-glucuronidase; RB, 




3.12.3  Generation of BjGSTF2 promoter:GUS fusions 
To construct the chimeric genes consisting of the GUS coding sequence driven 
by various BjGSTF2 promoters, the full-length BjGSTF2 promoter was truncated by 
amplification of the promoter sequence in different lengths using PCR. This was 
achieved by the use of the common downstream primer GST-p3 (5’- 
ACGCGTCGACGTTGAATGTGAAGGTGAT –3’) corresponding to the 5’-UTR of 
BjGSTF2 and different upstream primers corresponding to different positions of the 
promoter. These upstream primers were:   
GST2623: 5’- ACGCGTCGACAGCTGGAGGATCATAAAC –3’ 
GST1520: 5’- ACGCGTCGACGGGTCTTCTCTTTGTGGT –3’ 
GST1145: 5’- ACGCGTCGACGTTGTCTCCCATCCTCTC –3’ 
GST756: 5’- ACGCGTCGACTCCTACAGATGGTCAACA –3’ 
GST310: 5’- ACGCGTCGACAGGTGGAAGTTTGAGACA –3’ 
To facilitate cloning, a SalI restriction site was ligated to the 5’-end of all 
primers. The resulting PCR products were digested with SalI and subcloned into the 
SalI site upstream of the GUS gene in the pBI101 binary vector (Clontech 
Laboratories) (Figure 6). Positive clones were selected and verified by sequencing. All 
pBI101-bearing truncated promoter constructs were transferred into A. tumefaciens 
LBA4404 for plant transformation. 
 
3.13  Genetic transformation of Arabidopsis plants 
For functional analysis of the chimeric genes, all constructs were introduced 






















































NOS-T Figure 6. Schematic representation of constructs carrying the gene fusions of 
the GUS coding sequence and different BjGSTF2 promoters. Different 5’-
deletions of the BjGSTF2 promoter were cloned into upstream of the GUS gene in 
pBI101. Positions of the deletions are indicated at the left side of each construct. 
GST310-II contained two tandemly repeats of GST310-I. NOS-P, nopaline synthase 
promoter; NOS-T, nopaline synthase terminator; NPT II (Kanr), neomycin 
phosphotransferase II (kanamycin resistance); GUS, β-glucuronidase; RB, right 
border; LB, left border.  59
 based on A. tumefaciens-mediated transformation. The procedure is described below: 
1. Seeds of Arabidopsis ecotype Col-0 were sown in soil (Floura Fleur) in plastic 
pots, which were kept in the growth chamber as described in Section 3.1.2. 
2. (optional) When plants were flowered, the first bolts were clipped to encourage 
proliferation of secondary bolts. Plants were ready for inoculation about 4-6 
days after clipping. In general, plants with abundant immature flower clusters 
but not many fertilized siliques were most suitable for transformation, although 
a range of plant stages could be successfully transformed. 
3. Prior to transformation, A. tumefaciens strain carrying genes of interest was 
prepared by culturing in 50 ml LB broth supplemented with 50 mg/l kanamycin 
and 25 mg/l streptomycin. 
4. The A. tumefaciens culture was pelleted by centrifugation at 3000 rpm for 10 
min at room temperature and resuspended in 5% sucrose solution to OD600= 
0.8-1.0. Silwet L-77 (500 µl/l) (Crompton Corporation ) was then added to the 
bacterial suspension and mixed well. 
5. Plant transformation was carried out by dipping the aboveground parts of the 
plant into the A. tumefaciens suspension for 2-8 s, with gentle agitation. 
6. The inoculated plants were maintained at high humidity for 24 h, then 
transferred to the growth chamber, where plants were allowed to set seeds.  
7. When seeds were mature (this could be recognized by the silique color that 
turned from green to brown), they were harvested and kept at 4°C until use. 
8. Seeds were surface-sterilized by dipping into 70% ethanol for 30-60 s, 
followed by 15 min in 20% Clorox® (1% sodium hypochlorite) solution and 
washed several times with sterile distilled water. 
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9. For selecting transgenic seedlings, seeds were germinated aseptically by 
suspending into 0.1% agarose, followed by plating onto solidified hormone-
free MS medium (GM) supplemented with 50 mg/ml kanamycin (GM-K). 
Plates were kept in the culture room. 
10. After 10 days, seedlings were examined visibly and kanamycin-resistant green 
seedlings, which were considered as putative transformants, were selected. 
These seedlings were transferred to soil for further growth and development. 
11. After T1 transformants were selected based on kanamycin resistance and 
confirmed by PCR, they were allowed to self-pollinate and seeds representing 
the T2 generation were collected. Ten T2 seeds were planted for each line and 
T3 seeds of each plant were collected separately.  
12. To identify homozygous lines in the T3 generation, seeds were surface-
sterilized and placed on GM-K. Batches without kanamycin-sensitive seeds 
were identified as homozygotes.  
 
3.14 Biochemical analysis 
3.14.1 Histochemical assays for the GUS activity 
Histochemical detection of the GUS activity in plant tissues was performed as 
described previously (Jefferson, 1987; Topping and Lindsey, 1997). Tissues were first 
vacuum-infiltrated in the staining solution consisting of 2 mM 5-bromo-4-chloro-3-
indolyl-β-glucuronic acid (X-Gluc), 50mM sodium phosphate (pH 7.0), 10 mM 
EDTA, 1 mM potassium ferricyanide and 1 mM potassium ferrocyanide. The treated 
tissues were incubated at 37°C overnight, followed by removing chlorophyll by 
treatment with a series of ethanol solutions (20, 50, 70, 90%, and absolute ethanol). 
The dehydrated tissues were examined microscopically.  
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 3.14.2 GUS fluorometric assay 
The fluorometric GUS assay was performed according to the method of 
Jefferson et al. (1987) with modifications. Plant tissues (100 mg) were homogenized in 
200 µl GUS extraction buffer consisting of 50 mM NaPO4 (pH 7.0), 10 mM EDTA 
(pH 8.0), 0.1% (w/v) sarcosyl, 0.1% triton X-100, and 10 mM β-mercaptoethanol. 
After centrifugation at 14 000 rpm for 15 min at 4°C, the supernatant was incubated 
with 2 mM 4-methylumbelliferyl β-D-glucuronide (MUG) for 10 min at 37°C, then the 
reaction was terminated by adding 0.2 M Na2CO3 to the sample. The GUS activity was 
determined by fluorometric quantification of 4-methylumbelliferone (MU) generated 
from MUG using a fluorometer (Model TKO, Hoeffer, San Francisco). The protein 
concentration in the supernatant was determined by Bradford assay (Bradford, 1976) 
and the GUS activity was expressed in nmol MU produced per minute per mg protein.  
 
3.14.3 Ethylene measurement  
The level of ethylene produced by cultured explants at different intervals was 
measured as described previously (Chi et al., 1991). Six leaf discs were cultured in a 
50-ml Erlenmeyer flask with 20 ml medium. Prior to ethylene measurement, the flasks 
were aired for 1 h in the laminar flow hood, then sealed with airtight rubber stoppers 
and allowed to stand for an additional 2 h. A 1-ml gas sample was withdrawn from 
each flask with a 1-ml hypodermic syringe. The ethylene content in the gas sample was 
determined by gas chromatography. 
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3.14.4 Histochemical detection of H2O2  
The level of H2O2 accumulated in cultured tissue was assayed as described 
previously (Thordal-Christensen et al., 1997; Rustérucci et al., 2001) with 
modifications. In general, tissue was incubated with gentle shaking for 8 h in 1 mg/ml 
3,3-diaminobenzidine (DAB)-HCl (pH 3.8). This was followed by dividing the tissue 
into two sets, one of which was used directly for clearance, while the other was 
incubated for 10 min in 10 mM H2O2 before clearance. Clearance was referred to as 
the treatment in which tissue was incubated overnight with acetic acid/glycerol/ethanol 
(1:1:3, v/v/v) solution and stored in 95% ethanol. The presence of H2O2 in the tissue 
was visualized as reddish brown coloration. 
 
3.15 Bioinformatics tools used for sequence analysis 
To edit and analyse DNA and protein sequences, several web- or local- based 












Table 2. Summary of bioinformatics programs used in this study. 
 
 
Program Purpose Location 
BLAST Sequence comparison 
against Genbank database 
http://www.ncbi.nlm.nih.gov/BLAST/ 
ClustalW Multiple sequence 










PlantCARE Promoter analysis http://oberon.rug.ac.be:8080/PlantCAR
E/index.html 
SIGnAL Search for T-DNA insertion 
mutant of Arabidopsis 
http://signal.salk.edu/cgi-
bin/tdnaexpress 
ExPASy Protein analysis http://tw.expasy.org/ 
PlantsP Analysis of protein kinase http://plantsp.sdsc.edu/ 




4 IDENTIFICATION AND EXPRESSION OF GENES 
ASSOCIATED WITH SHOOT REGENERATION FROM LEAF 
DISC EXPLANTS OF MUSTARD (BRASSICA JUNCEA) IN VITRO   
 
4.1 Introduction 
An efficient tissue culture system for high frequency plant regeneration is 
important for rapid clonal propagation and genetic engineering for crop improvement. 
Although plant regeneration from cultured tissue can be achieved by manipulation of 
culture medium and judicial selection of explant source (Joy IV and Thorpe, 1999), 
there has been increasing evidence showing that the capacity of plant morphogenesis 
may be controlled at the molecular level. In tomato, a gene that controls shoot 
regeneration has been elucidated (Koornneef et al., 1993). It has been reported that cell 
differentiation and shoot/plant regeneration are associated with expression of specific 
genes in tissues during culture. A basic leucine zipper (bZIP) transcription factor 
homolog of Paulownia kawakamii, PKSF1, has been reported to express preferentially 
during regeneration of adventitious shoots from cultured leaf explants of Paulownia 
kawakamii (Low et al., 2001). In rapid-cycling Brassica oleracea, a cytokinin-
inducible KNOTTED1 (KN1)-like gene, Brostem, expressed only in tissues grown on 
shoot-induced medium containing cytokinin but not in tissues on non-induced medium 
(Teo et al., 2001). KN-1 and ZmLEC1 are also implicated in somatic embryogenesis of 
maize because both genes show the similar expression pattern during somatic and 
zygotic embryogenesis (Zhang et al., 2002). The genetic control of shoot regeneration 
has also been demonstrated in a transgenic study, where transgenic rice callus 
expressing a gene, Os22A, associated with regeneration ability has been shown to 
enhance regenerability (Ozawa et al., 2003), although the identity of this gene is not 
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known. In Arabidopsis thaliana, overexpression of an ESR1 gene stimulates shoot 
regeneration from cultured root explants (Banno et al., 2001). ESR1 has been shown to 
encode a putative transcription factor with AP2/EREBP domain involved in ethylene 
signaling, but it is not clear whether ethylene was involved in shoot regeneration of 
ESR1 plants.  
Results of previous studies of this laboratory show that the accumulation of 
ethylene in culture is inhibitory to shoot organogenesis of mustard and Chinese 
cabbage in vitro, and inhibition of ethylene synthesis or action using inhibitors, e.g. 
aminoethoxyvinylglycine (AVG) and AgNO3, greatly promotes shoot regeneration of 
cultured explants (Chi et al., 1990, 1991; Pua and Chi, 1993). Similar results have also 
been reported in other plant species, including monocots and dicots (Pua, 1999). The 
regulatory role of ethylene has been exemplified by culture responses of transgenic 
mustard (Pua and Lee, 1995) and melon (Amor et al., 1998) expressing an antisense 
cDNA of ACC oxidase, which catalyzes the last step of ethylene biosynthesis by 
conversion of ACC to ethylene (Yang and Hoffman, 1984). Tissues from these 
transgenic plants showed a marked decrease in ethylene synthesis and an increase in 
shoot regeneration from cultured explants. However, the mechanism of ethylene action 
is not clear. 
It was thought that highly regenerative tissues grown on medium in the 
presence of AgNO3 (SIM) might involve activation or inactivation of genes different 
from those in poorly regenerative tissues grown on the medium in the absence of 
AgNO3 (CM). To identify genes associated with shoot regeneration, a comparative 
study on the gene expression profile of these two types of cultured tissues was 
conducted. These were achieved by:  
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(1) Isolation of differentially expressed genes using mRNA differential 
display. 
(2) Determination of the identity of cloned cDNAs by sequence analysis. 
(3) Characterization of some cloned cDNAs by expression analysis during 
shoot regeneration in vitro and in response to H2O2.  
Results of this study are the first step towards a better understanding of the 
molecular mechanism underlying the regeneration process and for the isolation of 






4.2.1 Shoot regeneration from leaf disc explants 
Explants grown on SIM and CM enlarged considerably and no shoots were 
visibly detected after 6 days of culture. Most SIM explants began to form shoot 
primordia after 10-12 days and, after 30 days, each explant gave rise to 4-6 shoots 
(Figure 7). In contrast, very few shoot primordia were observed in CM explants during 
the first three weeks of culture, and less than 50% of CM explants formed shoots, with 
1-3 shoots per explant, after 30 days (Figure 7). These observations confirmed our 
previous results showing the promoting effect of AgNO3 on shoot regeneration in 
mustard (Chi et al., 1990; Pua and Chi, 1993; Pua and Lee, 1995).  
 
4.2.2 Identification of cDNAs differentially expressed in tissues  
To compare the gene expression profile between highly and poorly 
regenerative tissues, leaf disc explants were grown for 6 days on SIM (A6) and CM 
(N6). The rationale of using 6 day-old tissues was based on culture response in 
previous studies, where poor shoot regeneration was associated with an exponential 
increase in ethylene production after 3-10 days in culture (Chi et al., 1990; Pua and 
Chi, 1993; Pua and Lee, 1995). In this study, the gene expression profile generated 
from A6 and N6 tissues was compared. Total RNA isolated from A6 and N6 tissues 
was treated with RNase-free DNase I and used for a differential display experiment. 
Although most bands were commonly displayed in two tissues, some bands that 
displayed in one tissue were not detected in the other (Figure 8). Those cDNAs that 
displayed differentially in the two tissues in duplicate were selected and cloned into the 
pGEM-T easy vector. Almost half of the PCR products derived from the bands of the 
denaturing gels were heterogeneous. The sequence heterogeneity of these putatively 
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  Figure 7. Differential shoot regeneration from cultured leaf disc explants of 
mustard grown on SIM and CM. Explants (3×5 mm) excised from the developing 




Figure 8. A representative mRNA differential display of cultured leaf discs of 
mustard grown on SIM and CM. mRNA isolated from explants grown for 6 days on 
SIM (A6) and CM (N6) was amplified using RT-PCR. The primers used for left panel 
were P8 (5’-ATTAACCCTCACTAAATGG-3’) and T6 (5’-
CATTATGCTGAGTGATATCTTTTTTTTTCG-3’), while primers used for right panel 
were P2 (5’-TTAACCCTCACTAAATCGGTCATAG-3’) and T5 (5’-
CATTATGCTGAGTGATATCTTTTTTTTT CC-3’). The PCR products were labeled 
with 35S-dATP and separated on 5% polyacryamide gel by electrophoresis, followed by 
autoradiography. E1 and E2 are duplicates. Arrow shows the unique cDNA fragment 
detected in the N6 tissue (right panel) and A6 tissues (left panel). 
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differentially expressed clones was determined by arbitrary restriction enzyme 
digestion. Independent clones that contained unique cDNAs were selected and 
sequenced. 
A total of 152 cDNAs, 60 preferentially expressed in A6 and 92 in N6, were 
selected. The size of these cDNAs ranged from 300 bp to 1 kb. After sequence 
analysis, the number of cDNAs was reduced to 87 because some were either duplicates 
or parts of the same genes. Comparison of these cDNAs with published gene 
sequences in the Genbank database showed that 56 were homologous to the known 
genes or ETSs (Table 3). We also found 10 cDNAs related to hypothetical or putative 
proteins, while 21 cDNAs did not show significant homology with any known genes, 
which represented 36% of the total selected cDNA population. For cDNAs showing 
homology with published sequences, 35 out of 56 (63%) displayed high similarities to 
the genes of Arabidopsis and 38% showed high homology (>80%). Furthermore, two 
cDNAs, N45B and N92A, were shown to be 100% identical to ubiquitin conjugating 
enzyme and carbonic anhydrase, respectively. Some cDNAs showing homology with 
animal or yeast proteins were also detected. These included A78D (60% with human 
non-functional folate binding protein), N33D (37% with mouse mitogen-activated 
protein kinase kinase kinase kinase 4), A97A (37% with mouse CD97 protein), A95D 
(36% with human qutH protein homeobox C13) and N72D (35% with serine/threonine 
protein kinase of Streptomyces coelicolor) (Table 3).  
 
4.2.3 Categorization of cDNAs 
After the identity of cDNAs was putatively determined by sequence 
comparison, these cDNAs were classified into six groups based on the identity or 
functions of their gene products. These groups were ethylene and stress-regulated (17 
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Table 3. cDNAs differentially expressed in cultured leaf discs of mustard on SIM and CM after 6 days of culture. 
 







no. of homologous 
gene 
Ethylene-regulated/stress-related 
N7A*     
    
     
   
     
     
    
  
    
    
    
    
    
     
    
    
    
   
   
    
Malate dehydrogenase (A. thaliana) 91 97 AAD40139
A10B Protease-like protein (A. thaliana) 55 73 CAB66104
N15B* Glutathione S-transferase (A. thaliana) 87 92 AAC32912
N16A* Peroxidase (A. thaliana) 65 72 CAB61998
N19A* Superoxide dismutase (R. sativus) 98 100 AAC15842
N19C Lipid-transfer protein (B. napus) 91 98 AAB33171
A38A* Triose phosphate isomerase (A. thaliana) 59 62 AAA03449
A44A* Pectate lyase (A. thaliana) 97 98 BAB10560
A45B* Ubiquitin conjugating enzyme (A. thaliana) 100 100 BAB09792
N57A* Mitochondrial ATPase (N. sylvestris) 90 96 AAD03392
N58C* Catalase (Glycine max) 61 69 AAB88170
N67C* Heat shock protein 70 (C. sativus) 55 55 CAB72130
N80A* Glutamine synthetase (R. sativus) 99 99 BAA04994
N82A* Serine O-acetyltransferase (A. thaliana) 76 79 BAB09894
N82D* NADPH oxidase-like protein (A. thaliana) 78 82 BAA98161
N92A* Carbonic anhydrase (A. thaliana) 100 100 AAC98028
N96A Putative membrane channel protein (A. thaliana) 80 88 AAC79594
DNA repair/nuclear movement 
N12C DNA-damage inducible protein DDI1-
like(ubiquitin like) (A. thaliana) 
88 95 BAB02792
A22C* Endonuclease (A. thaliana) 97 99 T01198
N18C RAD51 homolog RAD51B (Zea mays) 91 94 AAD32030
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N100C* Nuclear movement protein nudC (A. thaliana)    
    
    
  
    
    
  
    
   
   
   
   
    
  
    
    
   
87 93 BAA97317
Transcriptional/translational factors 
N3B eIF4 (A. thaliana) 32 56 BAB08857
N17C* Eif5 (A. thaliana) 59 71 AAG27770
N64A EF-Tu protein (Glycine max) 90 92 CAA61444
N86A eIF3 (A. thaliana) 36 37 O49160
A95D qutH protein homeo box C13 (Homo sapiens)
 
36 50 NP_059106
A97A* CD97 protein (Mus musculus) 37 58 CAB38246
Kinases 
N33D Mitogen-activated protein kinase kinase kinase 
kinase 4 (Mus musculus) 
37 61 NP_032722
N38D* Putative protein kinase (homologous to CTR1 in 
catalytic domain) (A. thaliana) 
74 77 AC012679_7
N70D 63045 (similar to serine/threonine protein kinase) 
(A. thaliana) 
84 87 AAD50043
N72D Serine/threonine protein kinase (Streptomyces 
coelicolor A3(2)) 
35 67 CAB82014
Photosynthesis/electron transport  
 A20A* Chlorophyll a/b-binding protein (Lhca2 Lhb1B2 
LH35) (B. juncea) 
96 96 CAA65042
 
A22B Photosystem II protein D1 (N. tabacum) 97 97 P04848
A22D PSI-H subunit (B. rapa) 83 83 AAB51159
A24C Rieske FeS protein (A. thaliana) 96 97 CAC03598
A61B Photosystem I subunit III precursor (A. thaliana)
 
88 91 CAB52747





N7B 60S Ribosomal protein L6 (A. thaliana)    
    
     
    
   
   
    
    
     
    
   
     
    
    
    
   
    
   
70 76 AAF98420
N8C* Aspartic proteinase (wild cabbage) 82 86 S41400 
N9B* Sulfite reductase (A. thaliana) 94 95 CAA71239
N10C Disulfide-isomerase (A. thaliana) 91 95 CAB38838
N19B Fimbrin (A. thaliana) 67 71 BAB08557
A41A Ubiquitin fusion-degradation protein (A. thaliana)
 
93 95 AAD23675
A41E Methyl chloride transferase (A. thaliana) 80 88 AAC23400
N45A Vegetative storage protein (Oryza sativa) 61 72 BAA94780
A47B Glycine hydroxy-methyltransferase (A. thaliana) 77 89 T05362
A52A Sedoheptulose-1,7-bisphosphatase (A. thaliana) 91 94 AAB33001
A53D Synaptobrevin-like protein (A. thaliana) 93 96 CAB71004
A54C Aminopeptidase (A. thaliana) 97 99 AAF09157
N67D Ca2+-transporting ATPase (A. thaliana) 75 76 T00812
A72B Alpha-tubulin 3 (Eleusine indica) 100 100 AAC05719
N73A Ribosomal protein L3 (60S) (Oryza sativa) 71 83 BAA02155
A78A Diaminopimelate decarboxylase-like protein (A. 
thaliana) 
87 91 CAB87661
A78D Non-functional folate binding protein (Homo 
sapiens) 
60 68 AAB81938
A97B Seed maturation-like protein (A. thaliana) 92 92 CAC01816




† cDNAs were selected using the mRNA differential display. Confirmation of some cDNAs that expressed differentially in cultured 
tissues grown on SIM and CM using northern analysis is indicated as *.  
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cDNAs), DNA repair and nuclear movement (4 cDNAs), transcription/translation 
factors (6 cDNAs), kinases (4 cDNAs), photosynthesis and electron transport (6 
cDNAs), and others (19 cDNAs) (Table 3). 
Interestingly, nearly one third of the cDNAs belonged to the ethylene and 
stress-regulated category. These included genes involved in the metabolism of ROS, 
such as NADPH oxidase-like protein (N82D), peroxidase (N16A), superoxide 
dismutase (N19A), catalase (N58C) and glutathione S-transferase (N15B), and genes 
related to stress resistance or regulated under stress conditions, such as malate 
dehydrogenase (N7A), protease-like protein (A10B), lipid-transfer protein (N19C), triose 
phosphate isomerase (A38A), pectate lyase (A44A), ubiquitin conjugating enzyme (A45B), 
mitochondrial ATPase (N57A), heat shock protein  (N67C), glutamine synthetase (N80A), 
serine O-acetyltransferase (N82A), carbonic anhydrase (N92A), and membrane channel 
protein (N96A). In the second category, cDNAs that are associated with DNA 
repair/nuclear movement might also represent genes in response to stress because 
DNA damage could occur under stress conditions.  
Six cDNAs that showed homology with genes involved in photosynthesis and 
electron transport were also isolated (Table 3). These cDNAs were chlorophyll a/b-
binding protein (A20A), photosystem II protein D1 (A22B), PSI-H subunit (A22D), 
rieske FeS protein (A24C), photosystem I subunit III precursor (A61B) and Orf122 
(A66E). It was observed that all these cDNAs were isolated from tissue grown on SIM.  
In addition, six cDNAs homologous to transcriptional/translational factors and 
four cDNAs to kinases were also identified (Table 3). The product of these genes 
might participate in the regulation of the expression of other functional genes, 
including the ethylene/stress- and photosynthesis/electron transport-related genes 
discussed above. 
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 4.2.4 Characterization of cDNAs  
To investigate whether the cDNAs were differentially expressed in poorly and 
highly regenerative tissues, a comparative study on transcript accumulation of 28 
cDNAs in A6 and N6 explants was conducted. Northern analysis showed a preferential 
expression of 22 cDNAs in either A6 or N6 tissue. While six cDNAs (A20A, A22C, 
A38A, A44A, A45B and A97A) expressed preferentially in the A6 tissue, transcripts 
of 16 cDNAs (N7A, N8C, N9B, N15B, N16A, N17C, N19A, N38D, N57A, N58C, 
N67C, N80A, N82A, N82D, N92A and N100C) accumulated predominately in the N6 
tissue (Figure 9). This pattern of transcript accumulation was similar to that of DDRT-
PCR. The expression of A22D, isolated from the A6 tissue, was comparable in both 
A6 and N6 tissues, while transcripts of five cDNAs (N19C, N33D, N70D, N72D, 
N10C) could not be detected. 
Although 22 cDNAs showed differential expression in A6 and N6 tissues, it 
was not clear whether expression was varied temporally during culture. To address this 
question, temporal expression of six cDNAs (A44A, N9B, N15B, N16A, N58C and 
N92A) in tissues grown on SIM (A3, A6, A9 and A12) and CM (N3, N6, N9 and N12) 
during a 12-day culture period was investigated. The A44A transcript was shown to 
accumulate predominately in A-tissues (Figure 10). However, the transcript in tissue 
grown on AVG medium (AVG6) was less abundant than that in A6, although both 
AgNO3 and AVG were previously reported to be equally effective in promoting shoot 
regeneration of cultured mustard tissues (Chi et al., 1990, 1991; Pua and Chi, 1993). 
Unlike A44A, other cDNAs (N9B, N15B, N16A, N58C and N92A) expressed 
preferentially in N-tissues. The difference in transcript abundance could be detected as 




Figure 9. Expression of cDNAs in cultured leaf disc explants of mustard after 6 
days of culture. Total RNA isolated from explants grown on SIM (A6) and CM (N6) 





Figure 10. Time-course expression of cDNAs in cultured explants of mustard 
grown on SIM and CM. Total RNA was isolated from freshly prepared explants 
(C) and those cultured for 3 (D3), 6 (D6), 9 (D9) and 12 (D12) days on SIM (A) or 
CM (N) or for 6 days on CM containing 10 µM AVG (AVG) and probed with DIG-
labeled cDNAs. rRNA represents ribosomal RNA stained with methylene blue.   
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of transcripts increased with time of culture and reached to a maximum after 6 or 9 
days. The variation of N92A transcript in N and A-tissues was most striking. This was 
illustrated in control tissue before culture and A-tissues throughout the 12-day culture 
period, where no transcript was detected. This was in contrast to N-tissues where 
transcript began to increase after 3 day and reached a maximum after 6 and 9 days 
before declining sharply after 12 days (Figure 10). Like A6, N92A transcript was also 
not detected in AVG6. 
 
4.2.5 Effect of H2O2 
Expression of several cDNAs (A44A, N9B, N15B, N16A, N19A and N58C) in 
tissues in response to exogenous H2O2 was also investigated, because these cDNAs 
might encode enzymes associated with stress (Table 3). Northern analysis showed that 
all cDNAs expressed at low levels in control leaves incubated with water but 
exogenous application of H2O2 upregulated transcript accumulation except for N9B 
(Figure 11). However, the promoting effect of H2O2 was dosage-dependent. While 
transcript accumulation of A44A, N19A and N58C could be upregulated by low levels 
of H2O2 (1-2 mM), higher H2O2 concentrations (>5 mM) was required to promote of 
N15B and N16A expression. In general, transcript abundance in response to different 
H2O2 concentrations (1-100 mM) did not vary appreciably, except for N15B and 
N16A. The N15B transcript was shown to increase rapidly with an increase in H2O2 
concentration and reached a maximum at 20 and 50 mM before declining at 100 mM 





Figure 11. Effect of exogenous H2O2 on transcript accumulation of cDNAs.
Detached leaves were incubated for 1 h with different concentrations of H2O2 at 
room temperature, after which total RNA was isolated and probed with DIG-labeled 
cDNAs. Lane 0 represents leaves incubated in water without H2O2. rRNA represents 
ribosomal RNA stained with methylene blue. 
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4.2.6 Endogenous H2O2 content in tissues during culture 
The levels of H2O2 production in A- and N-tissues were also determined using 
the 3,3-diaminobenzidine (DAB) (Thordal-Christensen et al., 1997). The method was 
based on the finding that DAB polymerized as a brown precipitate on contact with 
H2O2 in the presence of peroxidase. After clearance, the reddish brown color could be 
visualized by the naked eye. The density of the colorization reflected the concentration 
of H2O2 at that area. Cultured leaf discs were collected on day 3, 6, 9 and 12, and 
stained in DAB solution. Prior to culture, the control N0 tissue was generally colorless, 
with brown coloration occurred at the cut edge (Figure 12). In the A-tissues, brown 
coloration began to increase after 3 days of culture and reached a maximum after 6 
days (A6) before declining after 9 days (A9). Similar changes in browning were also 
observed in N-tissues during culture but the coloration was less intense than that in A-
tissues. It is noteworthy that the intensity of H2O2 reaction was much higher at the cut 
edge than in the central area of all explants (Figure 12). For tissue grown in the 
presence of AVG for 6 days (AVG6), the coloration was similar to that of A6. 
Because the use of DAB for H2O2 staining requires the presence of endogenous 
peroxidase activity, it was not clear whether peroxidase or H2O2 was the limiting factor 
in the reaction. To address this question, leaf discs were incubated in the DAB solution 
followed by incubation for 10 min in 10 mM H2O2 solution. Results showed that H2O2 
greatly enhanced browning in A6, N6 and AVG6 tissues (Figure 12), indicating that 
H2O2 was the limiting factor.  
To investigate whether shoot regeneration was associated with H2O2, mustard 
leaf disc explants were cultured on CM supplemented with different concentrations of 
H2O2 (0, 0.2, 0.5 and 1 mM). However, the regenerability of both control and H2O2-




Figure 12. Localization of H2O2 production in cultured leaf discs. Leaf discs 
cultured on different media were infiltrated for 8 h with DAB. After staining, tissues 
were cleared in the solution containing acetic acid/glycerol/ethanol (1:1:3) overnight 
and stored in 95% ethanol until used. N0: freshly prepared tissue; A3, A6, A9 and 
A12: tissues grown on SIM for 3, 6, 9 and 12 days, respectively; N3, N6, N9 and 
N12: tissues grown on CM for 3, 6, 9 and 12 days, respectively; AVG6:  tissue 
grown for 6 days on CM containing 10 µM AVG; AH, NH and AVGH: A6, N6 and 








Table 4. Shoot regeneration from leaf disc explants of mustard in the presence of 
H2O2.  
H2O2 (mM) Explants forming shoots 
(%) * 
No. of shoots per explant 
0 52.6 ± 3.5 2.38 ± 0.23 
0.2 54.3 ± 3.4 2.45 ± 0.22 
0.5 53.2 ± 3.8 2.42 ± 0.22 
1.0 50.8 ± 4.1 2.39 ± 0.25 
* The percentage of explants forming shoots was calculated based on number of 
explants forming shoots after four weeks of culture over the total number of explants 







Genetic analysis of several plant species indicates that the capability of plant 
regeneration in vitro is controlled genetically. In oilseed rape, diallel crosses of seven 
cultivars with differential regeneration capabilities showed the significant additive and 
dominant effects, with the former being more important than the latter (Ono and 
Yakahata, 2000). Similar genetic control of regeneration has also been demonstrated in 
tomato. Faria et al. (2002) reported that regeneration of cultivated tomato cultivars was 
poor in culture but its regeneration capacity increased markedly after backcrossing 
with highly regenerative wild tomato Lycopersicon pimpinellifolium. Results from a 
study on RFLP mapping in rice indicate that the regeneration capability of seed callus 
is associated with quantitative trait loci (Taguchi-Shiobara et al., 1997), suggesting that 
regeneration may be controlled by multiple genes. For the last few years, several 
cDNAs associated with shoot regeneration or somatic embryogenesis have been 
isolated by mRNA differential display but their identity was either not determined 
(Torelli et al., 1996; Kitamiya et al., 2000) or the number of identified cDNAs was too 
few (Galland et al., 2001).  
We have previously demonstrated that mustard is recalcitrant in regeneration 
but shoot regeneration can be greatly enhanced by inhibition of ethylene action using 
ethylene inhibitors AgNO3 or AVG (Chi et al., 1990; Pua and Chi, 1993). In this study, 
using the tissues with high and poor regenerative capability by culturing on SIM and 
CM in the presence and absence of AgNO3, respectively, we have isolated 87 cDNAs 
expressed preferentially in A- or N-tissues after 6 days of culture. Among these 
cDNAs, 56 are homologous to the known genes or ESTs in the Genbank database, and 
32 of which show higher expression in the N-tissue, while 24 in A-tissue. Interestingly, 
one third of these cDNAs is related to ethylene or stress responsiveness genes when 
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they are categorized by the function of their gene products. Further study on the six 
stress-related cDNAs (A44A, N9B, N15B, N16A, N58C and N92A) shows that they 
express differentially in A- and N-tissues during 12 days of culture. Although these 
cDNAs exhibit a similar pattern of transcript accumulation in both tissues, the rate of 
accumulation differs greatly. The most striking difference in transcript abundance 
between the two tissues occurs after 6 and 9 days of culture, suggesting that expression 
of these cDNAs may be temporally regulated. High levels of transcript accumulation 
are coincided with the occurrence of shoot differentiation in cultured cotyledonary 
explants of mustard, where cells with meristematic activity that was detected after 4 
days of culture developed into shoots after 10 days (Sharma and Bhojwani, 1990).  
While the biological significance of preferential expression of cDNAs in A- 
and N-tissues is not clear, similar cDNAs such as peroxidase, GST and pectate lyase 
have also been isolated during shoot regeneration from root explants of Arabidopsis 
(Che et al., 2002). Both GST and peroxidase, together with other cDNAs such as SOD 
(N19A) and catalase (N58C) isolated in this study, are associated with stress. GSTs 
possess a wide variety of functions, including protection of tissues against oxidative 
damage (Marrs, 1996), transportation of endogenous substrates, reduction of organic 
hydroperoxides, isomerization of specific metabolites (Edwards et al., 2000), binding 
of auxin (Bilang et al., 1993; Zettl et al., 1994) and cytokinin (Gonneau et al., 1998), 
and UV light-dependent signal transduction (Loyall et al., 2000). They are also thought 
to play a role in microspore embryogenesis in barley (Vrinten et al., 1999), in somatic 
embryogenesis of carrot (Kitamiya et al., 2000) and Cichorium (Galland et al., 2001). 
Peroxidase, SOD and catalase are the important enzymes regulating ROS generation 
and scavenging. While oxygen can be converted to superoxide by peroxidase, SOD 
converts superoxide to hydrogen peroxide (H2O2) and oxygen by dismutation reaction 
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(Mehdy, 1994). The formation of H2O2 can lead to the formation of highly cytotoxic 
hydroxyl radicals and other destructive species. This can be prevented, at least in part, 
by catalase, the major antioxidant enzyme, that degrades H2O2 into water and oxygen 
(Yang and Poovaiah, 2002). Increased SOD and catalase activities have been reported 
during horse chestnut somatic embryogenesis (Bagnoli et al., 1998). It was also 
observed that peroxidase and catalase activities were several-fold higher in callus than 
in vine of Cuscuta reflexa (Srivastava and Dwivedi, 2001). In this study, increased 
expression of catalase gene indicates a lower H2O2 in the CM compared to SIM tissue. 
This view is in agreement with the results of histochemical staining for H2O2 (Figure 
12). It is therefore speculated that high frequency shoot regeneration may be associated 
with higher levels of H2O2 in the tissue, although exogenous H2O2 has no effect on 
shoot regeneration of mustard. This may be due in part to instability of H2O2 in culture, 
inefficient uptake and/or transportation of H2O2 to the target cells. Nevertheless, the 
hypothetical role of H2O2 in shoot regeneration has been supported by results of 
several studies. It has been reported that somatic embryogenesis of Lycium barbarum 
(Cui et al., 1999) and Astragalus adsurgens (Luo et al., 2001) can be enhanced by 
exogenous application of H2O2 or inhibition of H2O2-degrading enzymes such as 
catalase and ascorbate peroxidase using the inhibitors, e.g. aminotriazole and salicylic 
acid. The promoting effect of H2O2 on somatic embryogenesis of L. barbarum has 
been associated with the synthesis of 35-55 kDa proteins (Cui et al., 2002). However, 
the regulatory mechanism of somatic embryogenesis in relation to H2O2 is not clear. 
H2O2 has been considered to serve as a secondary messenger to signal stress-induced 
responses in plants, such as pathogen defense, programmed cell death, and abiotic 
stresses (Foyer et al., 1997; van Camp et al., 1998; Mittler, 2002). It also acts as a 
signaling molecule to regulate processes such as abscisic acid-mediated stomatal 
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closure and auxin-regulated root gravitropism (Neill et al., 2002). However, it remains 
unclear whether H2O2 is involved in regulation of genes associated with shoot 
regeneration (Banno et al., 2001; Daimon et al., 2003) and somatic embryogenesis 
(Hecht et al., 2001) through the H2O2 signaling pathway.  
 Apart from H2O2, cultured tissues grown under other stress conditions can also 
promote morphogenic events. In flax, hypocotyls explants treated with heat, salt and 
abscisic acid results in increased formation of shoot buds, but the treatment of mineral 
deprivation in combination with decapitation is most effective (Mundhara and Rashid, 
2001). Cold pretreatment of anthers is also beneficial to plant regeneration from anther 
culture of rye (Immonen and Anttila, 1999) and triticale (Immonen and Robinson, 
2000). Stress induced by antibiotic pulse treatment also imposed effects on in vitro 
regeneration in a species-dependent manner (Teng and Teng, 2000). In cotton, 
metabolic stress in callus induced by culturing on 1/5-strength MS medium increased 
the frequency of somatic embryogenesis by 2-3-fold (Kumria et al., 2003). Somatic 
embryogenesis from shoot-tip and floral-bud explants of Arabidopsis can also be 
induced by stress treatments such as osmotic, heavy metal and dehydration stress 
(Ikeda-Iwai et al., 2003). However, the mechanism whereby stress promotes 
morphogenic events is not clear. It is speculated that the promoting effect of stress may 
be mediated through ROS production. This assumption is based on the results from 
several lines of study showing that environmental stress is usually accompanied by 
ROS production (Holmberg and Bülow, 1998). Furthermore, downregulation of ROS 
production by overexpression of genes encoding antioxidant enzymes in transgenic 
plants conferred tolerance to stress, including water deficit (McKersie et al., 1996), salt 
(Tanaka et al., 1999) and heat (Shi et al., 2001). However, further study is needed to 
clarify this point.  
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Other cDNAs that may encode enzymes related to oxdative stress are N82A 
(serine O-acetyltransferase), N9B (sulfite reductase) and N80A (Glutamine synthetase, 
GS). Serine O-acetyltransferase plays an important role in the regulation of the 
cysteine and glutathione pool by catalyzing the reaction from acetyl-coenzyme A and 
serine to O-acetyl-L-serine (OAS), a precursor of cysteine (Blaszczyk et al., 1999). 
Transgenic tobacco plants overexpressing serine O-acetyltransferase cDNA showed an 
increase in the enzyme activity, cysteine and GSH levels in the tissue and increased 
tolerance to oxidative stress (Blaszczyk et al., 1999). Sulfite reductase catalyzes the 
reduction from free sulfite to sulfide, which is a precursor of cysteine synthesis (Hell, 
1997). It is speculated that rapid induction of sulfite reductase in the N6 tissue may 
lead to an increase in cysteine and GSH. GS is a key enzyme for amino acid synthesis. 
It allows NH4+ assimilation into organic compounds, thus supplying the cells with 
nitrogen needed for amino acid synthesis. In rubber, the GS activity and mRNA level 
in the latex cells can be increased by application of ethylene (Pujade-Renaud et al., 
1994). On the other hand, transgenic rice plants overexpressing GS showed increased 
photorespiration and enhanced tolerance to salt stress (Hoshida et al., 2000).  
Although several cDNAs homologous to kinases have been identified in this 
study, expression of these cDNAs, except N38D (CTR1-like kinase), cannot be 
detected in both A- and N-tissues. CTR1 is a member of the Raf family of 
serine/threonine kinases. It is believed to act as a negative regulator in the ethylene 
signaling pathway (Kieber et al., 1993). N38D is also homologous to the kinase 
domain of an animal MLK-like mitogen-activated protein triple kinase (MLTK), 
whose expression in Swiss 3T3 cells could be upregulated by osmotic stress (Gotoh et 
al., 2001). Although some kinases such as receptor kinase SERK (Schmidt et al. 1997; 
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Hecht et al. 2001) and histidine kinase CKI1 (Kakimoto 1996) have been shown to be 
implicated in plant morphogenesis in vitro, the role of N38D remains to be elucidated. 
Results of this study report the isolation of a group of cDNAs expressed 
differentially in poorly and highly regenerative tissues of mustard. In view of a 
relatively large fraction of cloned cDNAs are associated with ethylene and/or stress-
induced responses, it is speculated that AgNO3-induced shoot regeneration in this and 
other studies (Pua, 1999) may be mediated through stress response of the cultured 
tissue. This assumption is supported by a marked increase in ethylene production in 
cultured tissues grown in the presence of AgNO3 (Chi et al., 1991; Pua and chi, 1993) 
since increased ethylene production is a common indicator for plants under stress 
(Yang and Hoffman, 1984). Further characterization of the cDNAs isolated in this 
study will provide us a better understanding of the molecular basis of shoot 
regeneration in vitro.  
 
 
5 THE CLONING OF A PHI CLASS GLUTATHIONE S-
TRANSFERASE GENE AND EFFECTS OF REGULATION OF ITS 




Glutathione S-transferases (GSTs, E.C. 2.5.1.18) are the enzymes that catalyze 
the conjugation of the tripeptide glutathione (GSH) to a wide variety of hydrophobic, 
electrophilic, and cytotoxic substrates. The compound 1-chloro-2,4-dinitrobenzene 
(CNDB) is often used as a model substrate to analyze its activity. Many GSTs also act 
as GSH-dependent peroxidases by catalyzing the reduction of organic hydroperoxide 
to the less toxic monohydroxy alcohols. GSTs are encoded by large gene families and 
the functional proteins may come from two subunits from the same gene that form 
homodimers, or from different genes to form heterodimers. Three-dimensional analysis 
shows that each subunit possesses a conserved G-site for GSH-binding and an H-site 
that can accommodate various hydrophobic substrates (Reinemer et al., 1996).  
Plant GSTs are divided into four classes, namely, the phi (F), zeta (Z), tau (U) 
and theta (T). While the two smaller zeta and theta classes have related homologs in 
animals, the two larger, phi and tau GSTs, have been reported only in plants to date 
(Edwards et al., 2000). In Arabidopsis, a total of 47 GST members have been 
identified, with 14 belonging to the phi class, 3 in the theta class, 2 in the zeta class, 
and 28 in the tau class (Wagner et al., 2002). Recently, two new GST groups have 
been proposed based on the BLAST search analysis against the Arabidopsis database 
using the human omega class GST (Dixon et al., 2002). Plant GSTs have been 
 90
intensively studied for their ability to detoxify herbicides. They catalyze the 
conjugation of GSH to herbicide molecules to form glutathione S-conjugates, which 
are then imported to vacuoles by ATP dependent GS-X pump, thus protecting the 
plants from damage by herbicides. In general, plants with higher GST levels are more 
tolerant to herbicide exposure (Marrs, 1996). Pretreatment with herbicide safeners 
greatly elevates the capability of herbicide detoxification via GSH conjugation by 
activation of GST activity (Marrs, 1996). There has been increasing evidence 
indicating that GSTs may be implicated in many other physiological processes. These 
include stress responses, transportation of endogenous substrates, reduction of organic 
hydroperoxides and isomerization of specific metabolites, (Marrs, 1996; Edwards et 
al., 2000), binding of auxin (Bilang et al., 1993; Zettl et al., 1994) and cytokinin 
(Gonneau et al., 1998), and UV light-dependent signal transduction (Loyall et al., 
2000).   
GSTs are found at different stages of plant growth and development. They can 
be induced by various environmental stimuli, including biotic stresses such as 
pathogen attack and fungal elicitors (Marrs, 1996, Edwards et al., 2000), abiotic 
stresses such as herbicides (Cummins et al., 1999), H2O2 (Levine et al., 1994), 
dehydration (Kiyosue et al., 1993), UV light (Loyall, et al., 2000), cold (Seppänen et 
al., 2000), Pi starvation (Ezaki, et al., 1995), wounding (Reymond et al., 2000), ozone 
exposure (Sharma and Davis, 1994), heavy metals (Marrs, 1996), heat shock, and high 
salt, and hormone treatments such as ethylene (Zhou and Goldsbrough, 1993), auxin 
(Takahashi and Nagata, 1992), methyl jasmonate, salicylic acid (Wagner et al., 2002) 
and abscisic acid (Xu et al., 2002).  
Although GSTs from different classes share limited sequence identity (<25%), 
many possess overlapping substrate specificities and similar mechanisms of regulation. 
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To search for auxin receptors, GSTs from distinct classes have been identified to act as 
auxin-binding proteins and often are regulated by auxins (Marrs, 1996). For instance, 
both Arabidopsis AtGSTF2 (originally named GST2/Atpm24, phi class) (Zhou and 
Goldsbrough, 1993) and the carnation GST1 (zeta class) (Itzhaki and Woodson, 1993) 
could be induced by ethylene. The Bz2 gene (tau class) from maize and An9 gene (phi 
class) from petunia have been demonstrated to complement reciprocally, with respect 
to their role in anthocyanin sequestration (Marrs et al., 1995; Alfenito et al., 1998). The 
existence of a large GST family in plants, together with the implication of various 
factors in GST regulation, implies an essential role of GSTs during plant growth and 
development. However, little progress has been made to characterize the in vivo 
functions of specific GSTs.  
In a previous study (see Chapter 4), a partial cDNA fragment was cloned from 
mustard and was shown to be homologous to GSTs. The main objectives of this study 
are:  
(1) To clone the full-length cDNA and genomic clones of GSTs. 
(2) To characterize GSTs by spatial and temporal expression in mustard. 
(3) To investigate the role of GST in plant growth and development in vivo 
and shoot morphogenesis in vitro by downregulation and 
overexpression of GST in transgenic plants. 
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 5.2 Results 
5.2.1 Cloning and sequence analysis of GST genes from mustard 
A partial cDNA sequence homologous to GSTs was obtained in an attempt to 
isolate genes associated with shoot regeneration in vitro (Chapter 4). Based on this 
fragment, a 912-bp full-length cDNA (Genebank Accession No. AY299477, Figure 
13) was cloned using the SMARTTM RACE cDNA Amplification Kit. This cDNA 
consisted of a 72-bp 5’-UTR, a 201-bp 3’-UTR and a 639-bp open reading frame 
(ORF) that encoded a putative polypeptide of 213 amino acid (aa) residues (Genebank 
Accession No. AAP58392) with the molecular weight of 24291.7 and a theoretical pI 
of 5.66. An in-frame stop codon TAA was located at 48-bp upstream of the translation 
start codon ATG. The polypeptide shared the highest sequence homology with the two 
Arabidopsis phi class GSTs: 87% identitiy with AtGSTF2 (Genebank Accession No. 
S35268) and 88% identity with AtGSTF3 (Genebank Accession No. Q9SLM6).  
A 1092-bp genomic sequence and a 2640-bp 5’-flanking sequence (Genebank 
Accession No. AY315191) were also isolated by PCR amplification and genome 
walking respectively (Figure 13). Comparison of the genomic sequence with the 
cDNA counterpart revealed the presence of two introns of 105-bp and 75-bp in the 
coding sequence. Because this sequence showed a higher similarity to AtGSTF2 in 
term of intron-exon structure and the 5’-flanking region (see Chapter 6), it is therefore 
proposed that this GST, designated as BjGSTF2, is a mustard ortholog of Arabidopsis 
AtGSTF2. 
 
5.2.2 Multiple members in the mustard genome and their relationship with 
other phi class GSTs 
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 -966 tatacacaagaatcaaattcatccatttaaaaaaacataataaagatcttactgaaacttggttacgcagtgaacaagaacgatagagagtca 
 -873 tctaagctcgcgtttgtgtcatcggctagtgcatttgagaaatggacgagcttgacaggtcttttgggtcagcttaagggaatatgataggct 
 -780 gccttacaaaattgtctttatttttcctacagatggtcaacaaaagaagagtggaaacaaacgaacaaaacaatcctttgaaaatgccatctt 
 -687 aacagctttgcttatcattctttattacatttgttcatacttaccttgcattgactaacttttaaaaagtttcagtcacgagtttgaatggta 
 -594 ataactcaacattaaaaggaacctttcaaccagaattccacataaataaactttaaataaaaaaacctttgaaccgggaagaagtcatgcccg 
 -501 atatgctaaccaagagtgtgtcaatcaagtaaagttgtaaaccaaaacccgggtaaaacatgtacaaccaaatttcacatcaatagaaaccca 
 -408 tttaaccgagaaatcatgccggttaaaagcatcccgaaacaatactgaaccggtaataaccaaggtgtatgtccgttactaggtggagcatga 
 -315 caattaggtggaagtttgagacatttgggcgttagtacacacttgtttgatcttttctttgatgacattcattgaatgctttattatttaaaa 
 -222 actatatctcataaccaaattgtaaaaaacaaatattcaaacgtttaaacaatccaattccaatttgacaaatcctccaaagaagactagtca 
 -129 atattggtttgcgacggtcttatagatgcattattgatcagctaaaacaatattaaacattaatgagaacccattaaaatgctctgtttttta 
                                          * 
  -36 cttgtataaatacgatcattacttgtctcttgtttcATCACCTTCACATTCAACATTAATTAAACACATCACATTTTAAAGAGTTTCTTTTGT 
   58 AATAAAAAAAAATCAATGGCAGGTATCAAAGTTTTCGGACACGCTGCTTCCACTGCCACCAGGAGAGTCCTCCTCACCCTCCACGAGAAGAAC 
    1                 M  A  G  I  K  V  F  G  H  A  A  S  T  A  T  R  R  V  L  L  T  L  H  E  K  N   
  151 CTCGACTTTGAGCTCGTTCATGTCGAGCTCAAAGACGGCGAGCACAAGAAAGAGCCCTTCCTCTCCCGCAACgtaagtatttatatgttaacc 
   27  L  D  F  E  L  V  H  V  E  L  K  D  G  E  H  K  K  E  P  F  L  S  R  N  
  244 atgagttttgatacaagaccaaccacttttgacaaatcttggtctgaatcttgaatgtattttgtgtttgattgatgtttgcagCCTTTTGGT 
   51                                                                                      P  F  G  
  337 AAAGTTCCCGCCTTTGAAGATGGAGACCTCAAGCTCTTCGgtatgaacgttttcttgcatcatcatcatctctcatttgaaaatttcactaac 
   54  K  V  P  A  F  E  D  G  D  L  K  L  F       
  430 aagatttgattctctcgtgtagAATCAAGAGCGATTACTCAGTACATAGCTCACCGATATGAAGAGGAAGGAACCAACCTTCTCCCAGCCGAC 
   67                       E  S  R  A  I  T  Q  Y  I  A  H  R  Y  E  E  E  G  T  N  L  L  P  A  D   
  523 TCCAAGAACATATCCCACTACGCAATCATGGCCATTGGAATGGAAGTAGAAGCTCACCACTTCGACCCAGTGGCTTCAAAGCTTGCTTGGGAA 
   91  S  K  N  I  S  H  Y  A  I  M  A  I  G  M  E  V  E  A  H  H  F  D  P  V  A  S  K  L  A  W  E   
  616 CAAGTGTTCAAGCTCTTCTATGGCATGACCACAGACCAAGCCGTTGTTGAAGAAGAAGAGGCCAAGTTAGCCACGGTTCTTGATGTGTACGAG 
  122  Q  V  F  K  L  F  Y  G  M  T  T  D  Q  A  V  V  E  E  E  E  A  K  L  A  T  V  L  D  V  Y  E   
  709 GCTAGGCTCAAGGAGTTCAAGTATTTGGCTGGTGAAACTTTTACTTTGACCGATCTTCACCACATTCCAGTGATTCAGTACTTGCTTGGAACT 
  153  A  R  L  K  E  F  K  Y  L  A  G  E  T  F  T  L  T  D  L  H  H  I  P  V  I  Q  Y  L  L  G  T   
  802 CCCACCAAAAAGCTCTTCGATGAGCGTCCACATGTCAGCGAGTGGGTGGCAGAGATCACCAACAGGCCAGCTTCCCAGAAGATCCTTCAGTGA 
  184  P  T  K  K  L  F  D  E  R  P  H  V  S  E  W  V  A  E  I  T  N  R  P  A  S  Q  K  I  L  Q 
  895 GACAAAAGGAAAAGAAAATGATTCTGCTTCAGTCACAGTAATAATATGCTCAAACTAAATAAGTGGCTGCCTCATTGCCCAATTTCTCAGTGC 
  988 TCTGTTTTGTCTTTCTGTATGTCCTCTGTTTTTTATTTTCAGTTTAATATTGTATGTGTGTGTGTTCTTGAGAGATCTTTCTTGAATCAAAAA       
 1081 CTATCTATCTGT  
 
 
 Figure 13. The nucleotide and amino acid sequences of BjGSTF2. The genomic 
sequence is shown on top of the deduced amino acid sequence. The exon-intron 
boundaries were determined by comparison with the cDNA sequence. The number for 
the nucleotides is shown on the left, with the putative transcription start site designated 
as +1 and marked as asterisk. The putative TATA-box and CAAT-box upstream of the 
transcription start site and a putative polyadenylation signal AAATAA are boxed. The 
translation start codon ATG, stop codon TGA and an inframe stop codon TAA upstream
of start codon are boxed in black.   
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Southern blot analysis was performed to determine the relative gene copy 
number of GSTs in the mustard genome. Genomic DNA digested with BamHI, EcoRI, 
EcoRV and XbaI, which did not cut within the 512-bp BjGST probe, was hybridized 
with the DIG-labeled probe. Several distinct bands were detected in all restrictions 
(Figure 14), suggesting that GSTs are encoded by a multigene family.  
PCR amplification from the RACE cDNA library using degenerated primers 
resulted in the isolation of 5 additional cDNA sequences homologous to BjGSTF2 
(Figure 15A). These cDNAs were designated as BjGSTF1 (Genebank Accession No. 
AAP58391), BjGSTF3 (Genebank Accession No. AAP58393), BjGSTF4 (Genebank 
Accession No. AAP58394), BjGSTF5 (Genebank Accession No. AAP58395) and 
BjGSTF6 (Genebank Accession No. AAP58396). The homology in the coding region 
among the 6 cDNAs was high (>90%), with the conserved start condon (ATG) and 
stop codon (TGA), but the homology in 5’- and 3’-UTRs was lower. Similar to 
BjGSTF2, each of the 5 cDNAs also encoded a 213 aa polypeptide (Figure 15B). The 
deduced amino acid sequences of BjGSTF1, BjGSTF3, BjGSTF4, BjGSTF5 and 
BjGSTF6 shared 98%, 91%, 89%, 82%, and 84% homology, respectively, to that of 
BjGSTF2.  
Other plant phi class GSTs were also identified by searching the Genbank 
database. The number of full-length sequences was 61 after eliminating the identical or 
nearly identical sequences (Table 5). These sequences, including 14 in Arabidopsis and 
maize (Zea mays) and 12 in rice (Oryza sativa), were renamed according to the 
nomenclature proposed by Edwards et al. (2000). Figure 16 shows a phylogenetic tree 
illustrating the relationship between these GSTs. The homology between some GSTs 
was high, with 99% for ZmGSTF1 and ZmGSTF2, 98% for BjGSTF1 and BjGSTF2, 






Figure 14. Genomic DNA gel blot analysis of GST gene in mustard. Genomic 
DNA (10 µg per lane) digested with various restriction enzymes was hybridized with 
the DIG-labeled BjGST probe. The EcoRI/HindIII digested λ DNA molecular 
marker is indicated at the left. 
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(A) 
BjGSTF1    1 CCTTCACATTCAACATTAATTAAACACAATCACATT---TC------------------- 
BjGSTF2    1 CCTTCACATTCAACATTAATTAAACACA-TCACATT---TT------------------- 
BjGSTF3    1 CCTTCACATTCAACATTAATTAAACACA-TCACATCGAGTCTCTCTCTCGCTCTCTCAGT 
BjGSTF4    1 CCTTCACATTCAACATTAATTAAACACA-TCACATT---TT------------------- 
BjGSTF5    1 CCTTCACATTCAACATTAATTAAACACA-TCACATC---TCTC----------------- 
BjGSTF6    1 CCTTCACATTCAACATTAATTAAACACA-TCACATC---TCTC----------------- 
 
BjGSTF1   39 ----AAAGAGTTTCTTTTGTAATCAAAA---ATCAATGGCAGGTATCAAAGTTTTCGGAC 
BjGSTF2   38 ----AAAGAGTTTCTTTTGTAATAAAAAAAAATCAATGGCAGGTATCAAAGTTTTCGGAC 
BjGSTF3   60 CTTCAAATAGTTTCTTA-GTAACCAAAC-----TAATGGCAGGTATTAAGGTTTTTGGAA 
BjGSTF4   38 ----AAAGAGTTTCTTTTGTAATAAAAAAAAATCAATGGCAGGTATCAAAGTTTTCGGAC 
BjGSTF5   40 ----AACAAGTTTCTTT-GTAATCAAAA----TCAATGGCAGCTATCAAAGTTTTCGGAC 
BjGSTF6   40 ----AAAGAGTTTCTTA-GTAATCAAAA----TCAATGGCAGGTATCAAAGTTTTCGGAC 
  
BjGSTF1   92 ACGCTGCTTCCACTGCCACCAGGAGAGTCCTCCTCACCCTTCACGAGAAAAACCTCGACT 
BjGSTF2   94 ACGCTGCTTCCACTGCCACCAGGAGAGTCCTCCTCACCCTCCACGAGAAGAACCTCGACT 
BjGSTF3  114 GCGCTGCTTCCCCCTCCACCAGGAGAGTTCTCCTCGCCCTCCACGAGAAGAACCTCGACT 
BjGSTF4   94 ACGCTGCTTCCACTGCCACCAGGAGAGTCCTCCTCACCCTCCACGAGAAGAACCTCGACT 
BjGSTF5   91 ACCCTGCTTCCGCTCCCACCATGAGAGTCGTCCTCACCCTCCACGAGAAAAACCTCGACT 
BjGSTF6   91 ACCCAGCTTCCGCTCCCACCATGAGAGTCCTCCTCACCCTCCACGAGAAAAACCTCGACT 
  
BjGSTF1  152 TTGAGCTCGTTCATGTCGAGCTCAAAGACGGTGAGCACAAGAAAGAGCCCTTCCTCTCCC 
BjGSTF2  154 TTGAGCTCGTTCATGTCGAGCTCAAAGACGGCGAGCACAAGAAAGAGCCCTTCCTCTCCC 
BjGSTF3  174 TTGAGCTCGTTAATGTTGAGCTCAAAGACGGTGAGCACAAGAAAGAGCCTTTCCTCTCCC 
BjGSTF4  154 TTGAGCTCGTTCATGTCGAGCTCAAAGACGGCGAGCACAAGAAAGAGCCCTTCCTCTCCC 
BjGSTF5  151 TTGAGTTCGTTCATGTCGACCTCATGGGAGGTGAGCACAAGAAAGAGGCTTTCCTAGCCC 
BjGSTF6  151 TTGAGTTCGTTCATGTCGACCTCATGGGAGGTGAGCACAAGAAAGAGGCTTTCCTAGCCC 
  
BjGSTF1  212 GCAACCCTTTTGGTAAAGTTCCCGCCTTTGAAGATGGAGACCTCAAGCTCTTCGAATCAA 
BjGSTF2  214 GCAACCCTTTTGGTAAAGTTCCCGCCTTTGAAGATGGAGACCTCAAGCTCTTCGAATCAA 
BjGSTF3  234 GCAACCCTTTTGGTAAAGTCCCAGCCTTTGAAGATGGCGACCTCAAGCTTTTTGAATCAA 
BjGSTF4  214 GCAACCCTTTTGGTAAAGTTCCAGCCTTTGAAGATGGAGACCTCAAGCTCTTCGAATCAA 
BjGSTF5  211 GCAACCCTTTTGGTCAAGTTCCGGCCTTTGAAGATGGAGACCTCAAGCTCTTTGAATCAA 
BjGSTF6  211 GCAACCCTTTTGGTCAAGTTCCAGCCTTTGAAGATGGAGACCTCAAGCTCTTTGAATCAA 
  
BjGSTF1  272 GAGCGATTACTCAGTACATAGCTCACCGATACGAAGAACAAGGAACCAACCTTCTCCCAG 
BjGSTF2  274 GAGCGATTACTCAGTACATAGCTCACCGATATGAAGAGGAAGGAACCAACCTTCTCCCAG 
BjGSTF3  294 GAGCCATTACTCAGTACATAGCTCACCGATATGAAGGCCAAGGAACCAACCTTCTCCCAG 
BjGSTF4  274 GAGCTATCACTCAGTACATAGCTCACCGATACGAAGGCCAAGGAACCAACCTTCTCCAGG 
BjGSTF5  271 GAGCGATTACTCAATACATAGCTCACCGATATGAAGGCCAGGGAACCAACCTTCTCCCAG 
BjGSTF6  271 GAGCCATTACTCAATACATAGCTCACCGATACGAAGGCCAAGGAACCAACCTTCTCCCAG 
  
BjGSTF1  332 CCGACTCCAAGAACATATCCCACTACGCAATCATGGCCATTGGAATGGAAGTAGAAGCTC 
BjGSTF2  334 CCGACTCCAAGAACATATCCCACTACGCAATCATGGCCATTGGAATGGAAGTAGAAGCTC 
BjGSTF3  354 CCGACTCCAAGAACATAGCCCACTATGCGATCATGGCCATTGGATTGGAAGTAGAAGCTC 
BjGSTF4  334 GCGACTCCAAGAACCTAGCCCACTATGCAATCATGGCCCTGGGAATGCAAGTAGAAGCTC 
BjGSTF5  331 CCGACTCCAAGAACATAGCCCACTACGCAATCATGGCCATTGGAATGCAAGTAGAAGCTC 
BjGSTF6  331 CTGACTCCAAGAACATAGCCCACTATGCAATCATGGCCATCGGAATGCAAGTAGAAGCTC 
  
BjGSTF1  392 ACCACTTCGACCCAGTGGCTTCAAAGCTTGCTTGGGAACAAGTGTTCAAGCTCTTCTATG 
BjGSTF2  394 ACCACTTCGACCCAGTGGCTTCAAAGCTTGCTTGGGAACAAGTGTTCAAGCTCTTCTATG 
BjGSTF3  414 ACCAGTTCGACCCAGTGGCTTCGAAGCTTGCTTGGGAACAAGTGTTCAAGAACTTCTATG 
BjGSTF4  394 ACCAGTTTGACCCACTGGTTTCAAAGCTTGCTTGGGAACATGTGTTTAAGCTCATCTATG 
BjGSTF5  391 ACCAGTTCGAGCCAGTGGCTGCAAAGCTTGTTTCCGAACATGTATTTAAGCCCAAAAAAG 
BjGSTF6  391 ACCAGTTCGAGCCAGTGGCTGCAAAGCTTGTTTCTGAACAAGTATTTAAGCTCAAGAAAG 
 
BjGSTF1  452 GCATGACCACAGACCAAGCCGTCGTCGAAGAAGAAGAGGCTAAGTTAGCCGCGGTCCTTG 
BjGSTF2  454 GCATGACCACAGACCAAGCCGTTGTTGAAGAAGAAGAGGCCAAGTTAGCCACGGTTCTTG 
BjGSTF3  474 GCCTGACCACAGACCAGGCAGTTGTTGCAGAAGAAGAGGCTAAGTTAGCCAAGGTCCTTG 
BjGSTF4  454 GCTTGACCACTGACCAAGCCGTTGTTGCCGAAGAAGAGGCCAAGTTAGCCAAGGTCCTTG 
BjGSTF5  451 GCTCGACCACAGACCAAGCCGTTGTTGCCGAAGAGGAGGCTAAGTTAGCCAAGGTCCTTG 
BjGSTF6  451 GCTTGACCACAGACCAAGCCGTTGTTGCCGAAGAGGAGGCTAAGTTAGCCAAGGTCCTTG 
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BjGSTF1  512 ATGTGTACGAGGCTAGGCTCAAGGAGTTCAAGTATTTGGCTGGTGAAACTTTCACTTTGA 
BjGSTF2  514 ATGTGTACGAGGCTAGGCTCAAGGAGTTCAAGTATTTGGCTGGTGAAACTTTTACTTTGA 
BjGSTF3  534 ATGTGTACGAGGCTAGGCTCAAGGAGTTCAAGTATTTGGCCGGTGAAACTTTTACTTTGA 
BjGSTF4  514 ATGTGTACGAGGCTCGGCTCAAGGAGTTCAAGTACTTGGCTGGTAACACTTTTACTTTGA 
BjGSTF5  511 ATGTGTACGAGGCTCGGCTCAAGGAGTTCAAGTATTTGGCTGGTGACACTTTTACTTTGA 
BjGSTF6  511 ATGTCTACGAGGCTCGGCTCAAGGAGTTCAAGTACTTGGCTGGTGACACTTTTACTTTGA 
  
BjGSTF1  572 CCGATCTTCACCACATTCCTGTGATTCAATACTTGCTTGGAACTCCCACCAAAAAGCTCT 
BjGSTF2  574 CCGATCTTCACCACATTCCAGTGATTCAGTACTTGCTTGGAACTCCCACCAAAAAGCTCT 
BjGSTF3  594 CAGATCTTCACCACATTCCTGTGATTCAGTACCTTCTTGGAACTCCTACCAAGAAGCTCT 
BjGSTF4  574 CCGATCTTCACCACATTCCTGCTATTCAATACTTGCTTGAAACTCCCACCAAGAAGCTCT 
BjGSTF5  571 CCGATCTTCACCACATTCCTGCTATTCAATACTTGCTTGGAACTCCCAGCAAGAGGCTAT 
BjGSTF6  571 CCGATCTTCACCACATTCCTACGGTTAAATACTTGCTAGGAACTCCCACCAAGAAGCTCT 
  
BjGSTF1  632 TCGACGAGCGTCCACGTGTCAGCGAGTGGGTGGAAGAGATCACCAACAGGCCAGCTTCAC 
BjGSTF2  634 TCGATGAGCGTCCACATGTCAGCGAGTGGGTGGCAGAGATCACCAACAGGCCAGCTTCCC 
BjGSTF3  654 TCACCGAGCGTCCACGTGTTAACGAGTGGGTGGCTGAGATCACCAAGAGGCCAGCTTCCC 
BjGSTF4  634 TCACCGAGCGTCCACGTGTCAACGAGTGGGTGGCTGAGATCACCAAGAGGCCAGCTTCCC 
BjGSTF5  631 TCACCGAGCGTCCCCGTGTCAACGAGTGGGTGGCAGAGATCACCAAGAGGCCAGCTTCCC 
BjGSTF6  631 TCACCGAGCGTCCACGTGTCAACGAGTGGGTGGCTGAGATCACCAAGAGGCCAGCTTCCC 
  
BjGSTF1  692 AGAAGATCCTCCAGTGAGAAATTTCTAAAAAAG-GAAAACAAAATGATTCTGCTTCAGTC 
BjGSTF2  694 AGAAGATCCTTCAGTGAGACAAAAGGAA--AAG-------AAAATGATTCTGCTTCAGTC 
BjGSTF3  714 AGAAGATCCTTCAGTGAGAAATTTCTGA--AAGTGACAACATAATGTTTCTCCTTCAGTC 
BjGSTF4  694 AGAAGATCCTTCAGTGAGACATTTCTAAA-AAG-GAAAACAAA-TGGTTCTGCTTCAGTA 
BjGSTF5  691 AGAAGATCCTTCAGTGAGACATTTCTAAT-AAG-GAAAACAAAATGGTTCAGCTTCAGTC 
BjGSTF6  691 AGAAGATCCTTCAGTGATAAGTTACTAA--AA-------------GCTTCTGCTTCAGTC 
 
BjGSTF1  751 ACAGTAATAATAATATGCTCAAAAGTGAATAAATG--TGGCT----GCCCAATTTCTAAG 
BjGSTF2  745 ACAGTAATAATA---TGCTCAAA-CTAAATAAGTGGCTGCCTCATTGCCCAATTTCTCAG 
BjGSTF3  772 ACAATAATAATA----CCCCAGA-AAAAATAAGTGGCTGCCT------G---TTGC---G 
BjGSTF4  751 ACAGTAATAAT-----GCTAAGA-GTAAATAAGTGGCTACCTCATTGTCCAATTCCTCAG 
BjGSTF5  749 ACAGTAATAAT-----GCTCAGA-GTAAATAAGTGGCTGCCTCATTGCCCAATTCCTCAG 
BjGSTF6  736 GCAATAATAAT-----GCTCAGA-GTTAATAAGTTACTGCCTCATTTCC-AATTTCTCAG 
  
BjGSTF1  805 TGCTCTGTTTTGTCTTTTGTCGTGTCCTCTGT-TTTTATTCACAGTTA-----------T 
BjGSTF2  801 TGCTCTGTTTTGTCTTTCTGTATGTCCTCTGTTTTTTATTTTCAGTTTAATATTGTATGT 
BjGSTF3  815 TCCTCTGTTTT-------------------------TGTTCACAGTTA-----------T 
BjGSTF4  805 TACTCTGTTTT----------------TCTATGTTTTATTCTCAGTTA-----------T 
BjGSTF5  803 TACTCTGTTTT----------------T------TTTTTC-TCAGTTA-----------T 
BjGSTF6  789 TACTCTGTTTT----------------T------ATTAT---CAGTTA-----------T 
  
BjGSTF1  853 GTGTGTATTCTTGAGAGATC------- 
BjGSTF2  861 GTGTGTGTTCTTGAGAGATCTTTCTTG 
BjGSTF3  839 GTGTGTGTTCTTGAGAGATC------- 
BjGSTF4  838 GTGTGTGTTCTTGAGAGATC------- 
BjGSTF5  829 GTGTGTGTTCTTGAGAGATC------- 







BjGSTF1    1 MAGIKVFGHAASTATRRVLLTLHEKNLDFELVHVELKDGEHKKEPFLSRNPFGKVPAFED 
BjGSTF2    1 MAGIKVFGHAASTATRRVLLTLHEKNLDFELVHVELKDGEHKKEPFLSRNPFGKVPAFED 
BjGSTF3    1 MAGIKVFGSAASPSTRRVLLALHEKNLDFELVNVELKDGEHKKEPFLSRNPFGKVPAFED 
BjGSTF4    1 MAGIKVFGHAASTATRRVLLTLHEKNLDFELVHVELKDGEHKKEPFLSRNPFGKVPAFED 
BjGSTF5    1 MAAIKVFGHPASAPTMRVVLTLHEKNLDFEFVHVDLMGGEHKKEAFLARNPFGQVPAFED 
BjGSTF6    1 MAGIKVFGHPASAPTMRVLLTLHEKNLDFEFVHVDLMGGEHKKEAFLARNPFGQVPAFED 
 
BjGSTF1   61 GDLKLFESRAITQYIAHRYEEQGTNLLPADSKNISHYAIMAIGMEVEAHHFDPVASKLAW 
BjGSTF2   61 GDLKLFESRAITQYIAHRYEEEGTNLLPADSKNISHYAIMAIGMEVEAHHFDPVASKLAW 
BjGSTF3   61 GDLKLFESRAITQYIAHRYEGQGTNLLPADSKNIAHYAIMAIGLEVEAHQFDPVASKLAW 
BjGSTF4   61 GDLKLFESRAITQYIAHRYEGQGTNLLQGDSKNLAHYAIMALGMQVEAHQFDPLVSKLAW 
BjGSTF5   61 GDLKLFESRAITQYIAHRYEGQGTNLLPADSKNIAHYAIMAIGMQVEAHQFEPVAAKLVS 
BjGSTF6   61 GDLKLFESRAITQYIAHRYEGQGTNLLPADSKNIAHYAIMAIGMQVEAHQFEPVAAKLVS 
 
BjGSTF1  121 EQVFKLFYGMTTDQAVVEEEEAKLAAVLDVYEARLKEFKYLAGETFTLTDLHHIPVIQYL 
BjGSTF2  121 EQVFKLFYGMTTDQAVVEEEEAKLATVLDVYEARLKEFKYLAGETFTLTDLHHIPVIQYL 
BjGSTF3  121 EQVFKNFYGLTTDQAVVAEEEAKLAKVLDVYEARLKEFKYLAGETFTLTDLHHIPVIQYL 
BjGSTF4  121 EHVFKLIYGLTTDQAVVAEEEAKLAKVLDVYEARLKEFKYLAGNTFTLTDLHHIPAIQYL 
BjGSTF5  121 EHVFKPKKGSTTDQAVVAEEEAKLAKVLDVYEARLKEFKYLAGDTFTLTDLHHIPAIQYL 
BjGSTF6  121 EQVFKLKKGLTTDQAVVAEEEAKLAKVLDVYEARLKEFKYLAGDTFTLTDLHHIPTVKYL 
 
BjGSTF1  181 LGTPTKKLFDERPRVSEWVEEITNRPASQKILQ 
BjGSTF2  181 LGTPTKKLFDERPHVSEWVAEITNRPASQKILQ 
BjGSTF3  181 LGTPTKKLFTERPRVNEWVAEITKRPASQKILQ 
BjGSTF4  181 LETPTKKLFTERPRVNEWVAEITKRPASQKILQ 
BjGSTF5  181 LGTPSKRLFTERPRVNEWVAEITKRPASQKILQ 





Figure 15. Alignment of six mustard GST genes. (A) The nucleotide sequences. 
The start and stop codons are boxed. (B) The deduced amino acid sequences.  
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Old name NCBI 
accession No. 
Reference 
Arabidopsis thaliana AtGSTF3 GST16 Q9SLM6 N.A. 
Arabidopsis thaliana AtGSTF2 GST2,PM24.1 S35268, 
P46422 
Zhou and Goldsbrough, 1993; 
Zettl et al., 1994 
Arabidopsis thaliana AtGSTF6 GST1,ERD11 P42760 
BAA04554 
Kiyosue et al., 1993; Yang et 
al., 1998 
Arabidopsis thaliana AtGSTF7 GST11 Q9SRY5 Yang et al., 1999 
Hyoscyamus muticus HmGSTF1 GTH_HYOMU? P46423 Bilang et al., 1993; Bilang 
and Sturm, 1995 
Solanum 
commersonii 
ScGSTF1  AAB65163 Seppanen et al., 2000 
Medicago sativa MsGSTF1  BAB70616 Arakawa et al., 2001 
Euphorbia esula EeGSTF1  AAF65767 N.A. 
Arabidopsis thaliana AtGSTF8 GST6 NP_566109 Chen et al., 1996 
Nicotiana tabacum NtGSTF1 GTH2_TOBAC? P46440 Ezaki et al., 1995 
Arabidopsis thaliana AtGSTF4  AAF02871 N.A. 
Nicotiana 
plumbaginifolia 
NpGSTF1  CAA96431 N.A. 
Nicotiana tabacum NtGSTF2 parB BAA01394 Takahashi and Nagata, 1992 
Silene vulgaris SvGSTF2 GTH_SILCU 444341 Praendl and Kutchan, 1992; 
Kutchan and Hochberger, 
1992 
Arabidopsis thaliana AtGSTF5  AAF02872 N.A. 
Allium cepa AAL61612  AcGSTF1 N.A. 
Zea mays ZmGSTF1 GSTIII(b)? CAB38119 Dixon et al., 1999 
Oryza sativa OsGSTF1  BAB39935 N.A. 
Arabidopsis thaliana AtGSTF14  NP_175408 N.A. 
Arabidopsis thaliana AtGSTF13  NP_191835 N.A. 
Zea mays ZmGSTF2  3891593 Neuefeind et al., 1997a; 
Neuefeind et al., 1997b 
Oryza sativa OsGSTF4 OsGSTF4 AAG32476 N.A. 
Glycine max GmGSTF1 GST 21 AAG34811 McGonigle et al., 2000 
Hordeum vulgare HvGSTF1  AAL73394 N.A. 
Alopecurus 
myosuroides 
AmGSTF1  CAA09190 N.A. 
Oryza sativa OsGSTF2  BAB39941 N.A. 
Oryza sativa OsGSTF7  BAB39929 N.A. 
Alopecurus 
myosuroides 
AmGSTF2  CAA09192 N.A. 
Glycine max GmGSTF2 GST 22 AAG34812 McGonigle et al., 2000 
Oryza sativa OsGSTF8  BAB39939 N.A. 
Zea mays ZmGSTF3 GST III CAA29929 Grove et al., 1988 
Arabidopsis thaliana AtGSTF12  BAB10509 N.A. 
Arabidopsis thaliana AtGSTF11 GTH7_ARATH? Q96324 N.A. 
Naegleria fowleri NfGSTF1  AAB01781 N.A. 
Zea mays ZmGSTF4 GST-IV P46420 Jepson et al., 1994; Irzyk et 
al., 1995 
Triticum aestivum TaGSTF1  AAD56395 Goetzberger et al., 2000 
Triticum aestivum TaGSTF2  CAA39487 Dudler et al., 1991 
Oryza sativa OsGSTF6  BAB61146 N.A. 
Triticum aestivum TaGSTF3 GTH2_WHEAT
? 
P30111 Mauch et al., 1991 
Petunia x hybrida PhGSTF1  CAA68993 Alfenito et al., 1998 
Zea mays ZmGSTF5 GST-I P12653 Grove et al., 1988; shah et al., 
1986 
Glycine max GmGSTF3 GST 24 AAG34814 McGonigle et al., 2000 
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Oryza sativa OsGSTF5 OsGSTF5 AAG32475 N.A. 
Oryza sativa OsGSTF3 OsGSTF3 AAG32477 N.A. 
Oryza sativa OsGSTF9 GST II AAC64007 Wu et al., 1998 
Arabidopsis thaliana AtGSTF10 ERD13 NP_180644 Kiyosue et al., 1993 
Arabidopsis thaliana AtGSTF9  CAA72973 N.A. 
Oryza sativa OsGSTF10  BAB61137 N.A. 
Zea mays ZmGSTF6 GST 15 AAG34823 McGonigle et al., 2000 
Zea mays ZmGSTF7 GST 8 AAG34816 McGonigle et al., 2000 
Arabidopsis thaliana AtGSTF1 PM239X14 P42769 Bartling et al., 1993 
Oryza sativa OsGSTF11  BAB64041 N.A. 
Zea mays ZmGSTF8 GST 10 AAG34818 McGonigle et al., 2000 
Zea mays ZmGSTF9 GST 12 AAG34820 McGonigle et al., 2000 
Zea mays ZmGSTF10 GST 13 AAG34821 McGonigle et al., 2000 
Zea mays ZmGSTF11 GST 9 AAG34817 McGonigle et al., 2000 
Zea mays ZmGSTF12 GST 14 AAG34822 McGonigle et al., 2000 
Zea mays ZmGSTF13 GST 16 AAG34824 McGonigle et al., 2000 
Oryza sativa OsGSTF12  AAG13595 N.A. 
Zea mays ZmGSTF14 GST 11 AAG34819 McGonigle et al., 2000 















































































 Figure 16. Phylogenetic analysis of phi class GSTs. The polypeptide sequences of
phi class GSTs obtained from the Genbank database were used to construct the
phylogenetic tree using ClustalW program (http://www.ebi.ac.uk/clustalw). All
sequences were named according to the nomenclature proposed by Edwards et al.
(2000) with accession number listed after the name. Scale bar = 0.1 amino acid
substitutions per residue.  102
AmGSTF1 and AmGSTF2, and 93% for AtGSTF2 and AtGSTF3. There were cases in 
which one GST showed a closer relationship to a GST from another species than the 
GSTs from the same species, for example, HmGSTF1 and ScGSTF1, TaGSTF1 and 
ZmGSTF5, OsGSTF5 and ZmGSTF7, and ZmGSTF12 and OsGSTF12 (Figure 16). 
These findings suggest that GSTs, even within the same class, are highly divergent in 
some plant species.  
 
5.2.3 Expression of GST genes in different mustard organs 
To investigate whether expression of GST genes in mustard was spatially 
regulated, total RNA isolated from various mustard organs was analyzed by northern 
blot. Results showed that the transcript was most abundant in roots and the expression 
level in old leaves was higher than that in young leaves (Figure 17). As the BjGST 
probe was not gene-specific and could not discriminate different GST members, the 
hybridized band might contain transcripts from different GST genes.  
 
5.2.4 GST expression in response to various treatments 
The previous study showed that GST expression could be induced by 
exogenous application of H2O2 (Chapter 4). To investigate whether GST expression 
was also affected in response to other stimuli, RNA gel blot was performed on the 
detached leaves treated with high and low temperatures, various hormones and 
chemicals. It was found that mustard leaves incubated for 4 h in water stimulated 
accumulation of GST transcripts as compared to untreated leaves. Using water-treated 
leaves as control, transcript accumulation in treated leaves was upregulated in response 
to high temperature (37°C), HgCl2 (0.2 mM), H2O2 (10 mM), ACC (0.5 mM), SA (0.2 








 Figure 17. GST expression in different mustard organs. Total RNA (5 µg per 
lane) isolated from young leaves (YL), old leaves (OL), stem (ST) and roots (RT) 
was hybridized with the DIG-labeled BjGST probe. rRNA represents ribosomal 










   
 
Figure 18. GST expression in response to various treatments. Freshly detached 
mustard leaves (C) and leaves incubated for 4 h in water, 0.2 mM HgCl2, 10 mM 
H2O2, 0.5 mM ACC, 0.5 mM ABA, 0.2 mM 2,4-D, 0.2 mM SA, 0.1 mM MJ, 0.1 
mM GA, 20 µM paraquat (Prq), 200 mM NaCl, 20 mM spermidine (Spd) and 5 mM 
GSH were used for northern analysis. All treatments above were carried out at room
temperature except temperature treatments, in which leaves were incubated in water 
at 4°C or 37°C. Total RNA isolated from treated tissues was hybridized with DIG-
labeled BjGST probe. rRNA represents total RNA stained with methylene blue.  105
was inhibitory to GST expression (Figure 18). However, GST expression was little 
affected by treatments such as low temperature (4°C), ABA (0.5 mM), 2,4-D (0.2 
mM), MJ (0.1 mM), GA (0.1 mM), NaCl (200 mM) and GSH (5 mM). 
Although GST expression was affected by high temperature, HgCl2, H2O2, 
ACC, SA, paraquat and spermidine, it was not clear whether expression was regulated 
temporally during incubation. To address this question, mustard leaves were incubated 
with various solutions for different periods of time up to 6 h. Northern analysis 
revealed that the level of transcript varied greatly during incubation. The transcript 
level in water-treated leaves increased slightly after 2-6 h but the increase magnitude 
was markedly higher in other treatments, e.g. H2O2, ACC SA and paraquat (Figure 19). 
In most treatments, increased transcript accumulation could be detected after 1-2 h of 
incubation, while transcript in SA- and paraquat-treated leaves reached the maximum 
after 4 h and declined after 6 h. Because SA and paraquat have been shown to 
upregulate the production of ROS previously (Inzé and van Montagu, 1995; Rao, et al., 
1997; Cummins, et al., 1999), the implication of H2O2 in SA- and paraquat-induced 
GST expression was investigated. This was achieved by pre-treatment of leaves with 
the H2O2 trap dimethylthiourea (DMTU). Results showed that pre-treatment decreased 
transcript accumulation in both SA- and paraquat-treated leaves, indicating that SA- 
and paraquat-induced GST expression may be mediated through H2O2 production. In 
contrast, exogenous spermidine was inhibitory to transcript accumulation, whose level 
decreased considerably after 4 h (Figure 19). The pattern of transcript accumulation in 







Figure 19. Effect of incubation duration on GST expression in response to 
various chemicals. Detached mustard leaves were incubated for different periods of 
time in water, 10 mM H2O2, 0.2 mM SA, 0.5 mM ACC, 20 µM paraquat (Prq) and 
20 mM spermidine (Spd). For +DMTU, leaves were pretreated with 5 mM 
dimethylthiourea (DMTU) for 1 h before incubation with SA or Prq. Total RNA 
isolated from treated tissues was hybridized with DIG-labeled BjGST probe. rRNA 
represents total RNA stained with methylene blue. 
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5.2.5 Generation of transgenic plants expressing sense, antisense and double-
stranded GST cDNAs 
To investigate the role of GST in plant growth and development, GST 
expression in transgenic plants was modulated by expressing sense, antisense and 
double-stranded GST cDNAs under the control of 35S promoter (Figure 5, Chapter 3). 
To produce transgenic plants, different gene constructs were mobilized into A. 
tumefaciens LBA4404 and introduced into Arabidopsis using the floral dip method 
(Clough and Bent, 1998). The plants with inoculated flowers were maintained in an 
environmental-controlled growth chamber to allow for seed setting. Mature T1 seeds 
were harvested and kept at 4°C until use.  
To select for transgenic progeny, seeds were germinated aseptically on the 
selection hormone-free MS medium containing 50 mg/l kanamycin (GM-K). After 10 
days of germination, a small number of kanamycin-resistant seedlings with green true 
leaves could be visibly distinguished from a large population of kanamycin-sensitive 
yellowish seedlings. These kanamycin-resistant plants were considered as putative 
transgenic plants. Ten to 15 independent transgenic lines for each construct were 
selected and transferred to soil for seed setting. Kanamycin-resistant T2 seedlings 
germinated on GM-K for 7 days were selected and transferred to GM. After 2 weeks of 
culture, the aerial part of these seedlings was collected and used for northern analysis.  
Northern analysis revealed that the RNA probe specific to antisense transcript 
hybridized strongly to a 500-bp transcript in all transgenic plants expressing GST-A 
cDNA, whereas no transcript was detected in wild type (WT) and transgenic plants 
expressing GST-S and GST-DS cDNAs (Figure 20). In contrast, the probe specific to 
sense transcript hybridized to a distinct 900-bp transcript in WT and GST-S transgenic 











Figure 20. GST expression in individual transgenic Arabidopsis plants 
expressing sense (GST-S), antisense (GST-A) and double-stranded (GST-DS) 
GST cDNAs. Total RNA (5 µg per lane) isolated from different plants was 
hybridized with the DIG-labeled RNA probe specific to antisense (upper panel) or 
sense (lower panel) transcript of AtGST. rRNA represents total RNA stained with 
methylene blue. 109
sense transcript was also detectable in GST-A plants, although the level was lower 
than that in the WT. In GST-DS plants, the sense transcript was barely detectable  
(Figure 20). 
Homozygous transgenic plants of GST-S6, GST-A4 and GST-DS1 were 
produced. These transgenic plants carried a single transgene in their genome, as 
evidenced from the southern analysis, in which the probe hybridized to only one DNA 
fragment (Figure 21). The transgene (NPT II) also segregated at the ratio of 3:1 for 
kanamycin-resistant to sensitive seedlings.  
 
5.2.6 Flowering and stress response in transgenic plants 
There was no phenotypic difference between different transgenic and WT 
plants during the first three weeks of growth. However, it was observed that the bolting 
time of GST-S6 was 2 days earlier and GST-DS1 was one week later than that of WT, 
but GST-A4 and WT was comparable in the bolting time (Figure 22). Furthermore, the 
number of rosette leaves among different plants also differed. GST-S6 possessed fewer 
rosette leaves (15.2 ± 0.7) and GST-DS1 possessed more (20.7 ± 1.1) as compared to 
WT (16.6 ± 0.9) and GST-A4 (17.1 ± 0.7). The difference between WT and GST-A4 
was not significant. Results for heterozygotes of GST-S2 and GST-S9, GST-A7 and 
GST-A10, and GST-DS3 and GST-DS7 were similar to those of homozygous GST-S6, 
GST-A4 and GST-DS1. The number of rosette leaves of GST-S2, GST-S9, GST-A7, 
GST-A10, GST-DS3 and GST-DS7 were 14.9 ± 0.8, 15.3 ± 0.5, 16.8 ± 0.7, 16.9 ± 0.9, 
20.3 ± 1.2 and 19.8 ± 0.9, respectively. These results indicate that GST plays a role in 
the regulation of flowering time. 
The response of WT and different transgenic plants (GST-S6, GST-A4 and 
GST-DS1) to stress (paraquat and HgCl2) was also investigated. To do this, seeds of 







 Figure 21. Genomic DNA gel blot analysis of transgene in transgenic 
Arabidopsis. Genomic DNA (10 µg per lane) isolated from T2 progeny of transgenic 
plants expressing sense (S6), antisense (A4) and double-stranded (DS1) GST 
cDNAs and digested with EcoRI was hybridized with the DIG-labeled NPT II probe. 









Figure 22. Bolting and flowering of WT and different transgenic Arabidopsis
plants expressing sense (GST-S6), antisense (GST-A4) and double-stranded 
(GST-DS1) cDNAs. Seeds were sown on commercial potting compost after 4 days 
of chilling at 4°C. Plants were grown in a growth chamber with 16 h light/8 h dark 
cycle at 22°C. Upper panel: top view of 4 week-old plants; lower panel: side view of 
5 week-old plants. 
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After 1 week of germination, 10 µM paraquat or 100 µM HgCl2 was added to the 
culture, and seedling growth was examined periodically. The presence of paraquat and 
HgCl2 was detrimental to seedling growth of both WT and transgenic plants after 10 
days. The affected seedlings usually became yellowish and died. However, the effect 
of paraquat and HgCl2 was differential among different plant lines. It was found that 
WT (67%) and GST-A4 (61%) were moderately affected as more than half of the 
seedling population survived after 10 days of exposure to paraquat. GST-S6 was least 
affected by paraquat as 89% seedlings survived. Furthermore, most seedlings remained 
green and relatively healthy (Figure 23). In contrast, GST-DS1 was most sensitive to 
paraquat as only 39% seedlings survived. Similar growth inhibition was also observed 
in seedlings grown in the presence of HgCl2. The seedling survival rate of WT, GST-
S6, GST-A4 and GST-DS1 was 46%, 58%, 41%, and 27%, respectively. Although the 
inhibitory effect of HgCl2 was more severe than that of paraquat, the sensitivity of 
seedlings to both chemicals was similar.   
 
5.2.7 Shoot regeneration response and ethylene production of cultured tissues in 
relation to GST expression 
To investigate whether the capacity of shoot regeneration from cultured 
explants was affected by downregulation or overexpression of GST, leaf disc explants 
excised from 4-week-old plants of WT and different transgenic plants (GST-S6, GST-
A4 and GST-DS1) were first cultured on CIM for 6 days, then transferred to SIM-A 
for another 24 days. Shoot regeneration response was evaluated after 30 days of 
culture. There was a great difference in the shoot regeneration capacity between the 
WT and transgenic plants (Figure 24). In WT, 53.6 ± 4.4% explants gave rise to 







Figure 23. Phenotype of WT and different transgenic Arabidopsis plants 
expressing sense (GST-S6), antisense (GST-A4) and double-stranded (GST-
DS1) cDNAs after stress treatments.  Seeds were germinated on filter paper that 
was placed on GM. After 1 week of germination, 100 µM paraquat (Prq) and 1 mM 
HgCl2 was applied to a final concentration of 10 µM and 100 µM, respectively. 
Plants grown on GM without treatment were employed as a control. Photos were 







 Figure 24. Shoot regeneration from leaf disc explants of Arabidopsis after 30 
days of culture. Leaf discs excised from 4-week-old plants of WT and different 
transgenic plants (GST-S6, GST-A4 and GST-DS1) were cultured on CIM for 6 
days, then transferred to SIM-A for 24 days.  
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higher. However, downregulation of GST expression appeared to be inhibitory to shoot 
regeneration, as explants of GST-A4 (44.3 ± 3.8%) and GST-DS1 (6.7 ± 3.5%) formed 
shoots at a lower frequency. It was also observed that there was no difference in the 
number of shoots formed on the explant between WT and different transgenic plants, 
as each explant regenerated only 1-2 shoots. 
The capacity of ethylene production in cultured leaf disc explants from WT and 
transgenic plants was also determined. In general, the ethylene production pattern of 
both WT and transgenic plants was similar during 18 days of culture. During the first 6 
days of culture on CIM, the level of ethylene produced by explants increased with time 
of culture and reached a maximum after 6 days, but the level declined sharply after 
explants were transferred to SIM-A, where ethylene remained low during the 
remaining culture period (Figure 25). However, the capacity of ethylene production 
between the WT and different transgenic plants was differential. While GST-DS1 
emanated the highest ethylene during the entire culture period, ethylene production in 
GST-S6 was the lowest, and WT and GST-A4 were intermediate.  
The differential capacities of shoot regeneration and ethylene production 
between WT and different transgenic plants in relation to GST expression were also 
investigated. This was achieved by determination of GST transcript abundance in 
cultured explants grown for 6 days on CIM (CIM6) and those grown on CIM for 6 
days, followed by transfer to SIM-A for another 6 days (SIM12). The pattern of 
transcript accumulation among different plants in CIM6 was similar to that in SIM12 
but the level of transcripts in the former was lower than in the latter (Figure 26). There 
was also a marked difference in transcript abundance between WT and transgenic 
plants. Transcripts were most abundant in GST-S6 and the level was considerably 
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 Figure 25. Ethylene evolution from leaf discs of Arabidopsis during 18 days of 
culture. Explants prepared from 4-week-old plants of WT and different transgenic 
plants (GST-DS1, GST-A4 and GST-S6) were grown on CIM for the first 6 days, 
then transferred to SIM-A where explants were grown for 12 days. Vertical bars 










Figure 26. GST expression in WT and transgenic Arabidopsis plants (GST-S6, 
GST-A4 and GST-DS1) during shoot regeneration in vitro. Total RNA (5 µg per 
lane) isolated from leaf discs cultured on CIM for 6 days (CIM6) and on CIM for 6 
days followed by 6 days on SIM-A (SIM12) were hybridized with the DIG-labeled 
RNA probe specific to the sense transcript of AtGST. rRNA represents total RNA 
stained with methylene blue. 118
 5.3 Discussion 
5.3.1 Characteristics of GSTs  
GSTs are found in nearly all forms of life, including bacteria, fungi, yeast, 
insects, mammals and higher plants. The primary functions of GSTs are to detoxify 
cytotoxic substrates and protect cells against oxidative damage (Marrs, 1996). Because 
of their anti-stress property and potential agronomic value, plant GSTs have attracted 
much attention from the biologists. The plant species with most GSTs identified are 
maize, soybean and Arabidopsis, in which most members of the tau class GSTs are 
identified (28 from maize and Arabidopsis, and 20 from soybean), followed by the phi 
class (14 from Arabidopsis, 12 from maize and 4 from soybean). However, only 1-3 
members are found in the classes theta and zeta (McGonigle et al., 2000; Wagner et al., 
2002).  
Most studies on GSTs have been focused on members in the phi class and their 
roles have been well documented. The phi class GSTs have been shown to play a role 
in defense mechanism to protect plants from cellular damage resulting from pathogen 
attack, wounding and senescence (Marrs, 1996), act as auxin- (Bilang et al., 1993; 
Zettl et al., 1994) and cytokinin-binding proteins (Gonneau et al., 1998), and to assist 
anthocyanin sequestration (Alfenito et al., 1998). The gene structure of the phi class 
GSTs is usually characterized by the presence of three exons interrupted by two 
introns, with the exception of AtGSTF3, which displays 93% identity with AtGSTF2 
but possesses only one intron. In this study, six GST cDNAs (BjGSTF1-6) and one 
genomic clone of BjGSTF2 have been cloned from mustard. The presence of multiple 
GST members in mustard is not surprising because mustard is an amphidiploid. The 
phylogenetic analysis reveals that the mustard GSTs are closest to AtGSTF2 and 
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AtGSTF3. In addition, the genomic clone possesses an exon-intron structure similar to 
that of the phi class GSTs. These results suggest that BjGSTs are members of the phi 
class GSTs.  
The mechanism as to how plants evolved to produce a large number of GSTs 
with diverse functions is not clear. This may be attributed in part to genome 
duplication, especially for members with high homology. It is speculated that the 
presence of different GSTs in plants may be required for combating the hostile and 
adverse growth environment, which may occur frequently during the life span. This 
may offer an explanation as to why GSTs possess broad substrate specificities. For 
instance, one GST may catalyze the reaction to a variety of substrates, with the 
substrate specificities overlapping with one another. As a result, the plants are 
conferred the capability to adapt to changing environmental conditions, where genetic 
loss of one GST does not result in lethality (McGonigle et al., 2000; Wagner, et al., 
2002). Considering that most GSTs identified have no function assigned, especially the 
function in vivo, the substrate profile of GSTs may be much broader than previously 
expected.  
 
 5.3.2 GST expression and its regulation 
GST expression may vary with gene member in given tissues or spatially and 
temporally during plant growth and development. In Arabidopsis, one GST homolog, 
At103-1a, has been shown to express constitutively in the green part of the plant but 
the transcript is barely detectable in roots (van der Kop et al., 1996). However, 
transcript of the other GST gene, At103-1b, can be detected in both green plant part 
and root. Results of the present study show that GST transcripts can be detected in all 
mustard organs tested (young and old leaves, stems and roots) but the transcript level 
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varies spatially, with most abundant transcripts accumulating in the roots. In leaves, 
GST appears to express at a higher level in the older than younger tissues, indicating 
that GST expression is temporally regulated. Although the biological significance of 
preferential accumulation of GST transcript in roots is not clear, it is speculated that 
the presence of GSTs in roots at high levels may be needed constantly in plant defense 
against stress, through unknown mechanisms, in the growing environment.  
GST expression in plants is also influenced by various external stimuli. The 
levels of GST transcripts in plant tissues have been shown to be upregulated by 
exogenous application of auxin and ABA (van der Kop et al., 1996; Dixon et al., 
1998), ethylene (Itzhaki and Woodson, 1993; Zhou and Goldsbrough, 1993) and SA 
and herbicide (Wagner et al., 2002). Apart from ethylene and SA, results of this study 
also show that GST transcripts can be upregulated by high temperature or in the 
presence of heavy metal (HgCl2), paraquat and H2O2 but downregulated by exogenous 
spermidine. The promoting effect of H2O2 on GST expression has also been reported 
in Arabidopsis (Chen et al., 1996), maize (Polidoros and Scandalios, 1999), Solanum 
commersonii (Seppänen et al., 2000) and soybean (Levine et al., 1994). The H2O2-
induced GST expression, together with the previous findings showing that stress 
stimulated ROS production (Inzé and van Montagu, 1995; Rao, et al., 1997; Cummins, 
et al., 1999; Dat et al., 2000), suggests that stress-induced GST expression may be 
mediated through H2O2 production. Furthermore, GST upregulation in response to SA 
may also be attributed to H2O2 because exogenous application of SA has been shown 
to cause H2O2 accumulation (Chen et al., 1993), which is thought to be due to the 
inhibitory effect of SA on H2O2 degradation by inhibiting catalase (Ruffer et al., 1995). 
The implication of H2O2 in SA- and paraquat-induced GST expression in this study is 
supported by decreased levels of GST transcripts in leaves pre-treated with DMTU, 
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followed by SA and paraquat treatments. However, unlike H2O2 and other stress 
treatments, exogenous application of spermidine downregulates GST expression. This 
may be explained by the function of polyamines, including spermidine, that have been 
known to act as free radical scavengers (Drolet et al., 1986) or function as scavenger 
by interacting with other molecules such as ferulic acid and caffeic acid (Bors et al., 
1989). It is therefore speculated that application of spermidine may lead to a decrease 
in H2O2 level, thereby lowering GST expression, although the effect of spermidine on 
H2O2 production was not determined in this study.  
Apart from GST expression, evidence from several lines of study also indicates 
that H2O2 may act as a signaling molecule triggering the pathways leading to 
programmed cell death (PCD) and hypersensitive response (HR) (Levine et al., 1994; 
Pennell and Lamb, 1997; Alvarez et al., 1998), inducing defense-related genes in 
response to wounding, systemin and methyl jasmonate (Orozco-cárdenas et al., 2001), 
activating the plasma membrane Ca2+ channel (Pei et al., 2000) and a MAP kinase-like 
enzyme (Desikan et al., 1999), and mediating the formation of phytoalexins (Inzé and 
van Montagu, 1995). However, the mechanism whereby H2O2 upregulates GST 
expression and other responses is not clear. 
 
5.3.3 Changes in GST expression affect stress tolerance and flowering 
Regulation of GST expression in relation to plant stress has been well 
documented, but the role of GSTs in herbicide tolerance has been most extensively 
studied. Plants tolerant to herbicides have been shown to contain higher levels of GST 
(Marrs, 1996; Cummins et al., 1999). The protecting role of GST against stress has 
also been demonstrated in transgenic studies, where overexpression of GSTs in 
transgenic tobacco (Roxas et al., 1997) and rice (Takesawa et al., 2002) resulted in 
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increased tolerance to stress such as extreme temperature and high salinity. In this 
study, results also show that changes in GST transcript abundance greatly affect the 
degree of stress tolerance, as demonstrated in transgenic plants with high and low 
levels of accumulated GST transcripts. Transgenic seedlings that overexpressed GST 
gene have been shown to be more tolerant to paraquat and HgCl2, whereas 
downregulation of GST expression using double-stranded RNA renders seedling 
growth highly sensitive to stress. These results are in agreement with the previous 
findings suggesting that increased GST expression may play an important role in plant 
defense mechanism against stress (Droog, 1997), although the mechanism whereby 
GSTs enhance stress tolerance is not well understood.  
Apart from stress tolerance, the level of GST transcripts also affects bolting and 
flowering. Downregulation of GST expression in GST-DS1 plants causes a delay in 
bolting by one week compared to WT. This transgenic plant also produces more 
rosette leaves, which may result from a longer vegetative growth phase. In the 
transgenic plant overexpressing GST (GST-S6), the bolting time is earlier than the WT 
by two days but the number of leaves between the two is not significantly different, 
although GST-S6 tends to possess fewer leaves that the WT. These results indicate, for 
the first time, that GST expression is associated with vegetative and reproductive 
growth of the plant. However, the regulatory mechanism as to how GSTs affect plant 
growth is not clear. Results of a recent study show that flowering may be associated 
with GSH. This has been demonstrated in Arabidopsis, where modulation of the GSH 
level in WT and mutants by exogenous application of GSH or L-buthionine 
sulfoximine (BSO), a GSH synthesis inhibitor, indicates that the presence of 
appropriate levels of GSH is important for flowering (Ogawa et al., 2001). In view of 
the fact that GST catalyzes the nucleophilic addition of the thiol of the GSH to various 
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hydrophobic electrophiles (Rushmore and Pickett, 1993), the effect of GST on 
flowering may be associated with the endogenous pool of GSH or vice versa. 
However, further study is needed to clarify this point.  
  
5.3.4  Role of GSTs in plant morphogenesis in vitro 
Although GSTs have been implicated in several plant responses, knowledge 
regarding the role of GSTs in plant morphogenesis in vitro has been virtually lacking. 
The clue for the possible involvement of GSTs in morphogenesis is derived from 
recent studies on microspore and somatic embryogenesis (SE). In barley, a GST 
homolog, ECGST, was not detected in freshly isolated microspores but the transcript 
accumulated in microspores undergoing early stages of embryogenesis (Vrinten et al., 
1999). A GST gene CHI-GST1 isolated from chicory has been shown to express in 
cultured leaves of embryogenic cultivar forming somatic embryos but not in the 
cultured tissues of non-embryogenic cultivar (Galland et al., 2001). Furthermore, 
attempts to identify genes associated with 2,4-D-induced SE of carrot using differential 
display have resulted in the isolation of two genes, one of which, Dcarg-1, is 
homologous to putative GST genes. Expression of Dcarg-1 is associated with the 
formation of somatic embryos and is induced by auxin (Kitamiya et al., 2000). These 
findings indicate that microspore and SE may be associated with GST, but the role of 
GST in embryogenesis remains to be substantiated.  
Results of this study have provided the evidence, for the first time, that GST is 
indeed plays a regulatory role in shoot morphogenesis in vitro. This is demonstrated in 
the transgenic study, where downregulation of GST expression in GST-DS1 markedly 
decreases the shoot regeneration capacity of the cultured tissues. In contrast, cultured 
explants derived from GST-S6 that overexpressed GST are highly regenerative. Apart 
 
from shoot regeneration, modulation of GST expression in transgenic plants also 
affects ethylene production. While GST-DS1 has been shown to emanate higher levels 
of ethylene throughout the 18-day culture period, ethylene produced in GST-S6 is 
considerably lower. Although it is not clear as to how ethylene production of cultured 
tissues is regulated by GST, evidence for the regulatory role of ethylene in shoot 
regeneration and SE has been well documented. Several studies reported previously 
that high levels of ethylene accumulated in culture were inhibitory to shoot 
regeneration, and inhibition of ethylene synthesis or action by addition of ethylene 
inhibitors such as AVG or AgNO3 in the medium greatly enhanced the regeneration 
frequency (Chi and Pua, 1989, Chi et al., 1990, 1991; Pua and Chi, 1993). Similar 
results have also been reported for SE (Roustan et al., 1989; Vain et al., 1989; 
Auboiron et al., 1990) and androgenesis (Biddington et al., 1988; Ockendon and 
McClenaghan, 1993). The regulatory role of ethylene in these studies has been 
supported by the culture responses of transgenic plants with impaired ethylene 
synthesis. In transgenic studies, downregulation of the expression of ACC oxidase 
gene, whose product catalyzes the last step of ethylene biosynthesis by converting 
ACC to ethylene (Yang and Hoffmann, 1984), in mustard (Pua and Lee, 1995) and 
melon (Amor et al., 1998) resulted in a decrease in ethylene production but a marked 
increase in shoot regeneration. However, the implication of GSTs in these studies was 
not investigated. Nevertheless, these findings, together with the results of the present 
study, suggest that the regulatory role of GSTs in shoot regeneration and SE in culture 
may be mediated through regulation of ethylene biosynthesis by unknown 
mechanisms.  
In addition to ethylene production, it is speculated that the regulatory role of 
GST in shoot regeneration may be associated with stress, because GST expression can 
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be upregulated in response to stress as demonstrated in this and other studies. This 
speculation is also in line with the results of several recent studies showing that stress 
induces the occurrence of several morphogenic events in vitro, including shoot 
formation in flax (Mundhara and Rashid, 2001), SE of Lycium barbarum (Cui et al., 
1999), Astragalus adsurgens (Luo et al., 2001), cotton (Kumria et al., 2003) and 
Arabidopsis (Ikeda-Iwai et al., 2003), and androgenesis and subsequent plant 
regeneration in rye (Immonen and Anttila, 1999) and triticale (Immonen and Robinson, 
2000). Although the mechanism whereby stress enhances morphogenesis is not clear, it 
is speculated that stress-induced morphogenesis may be related to the production of 
ROS. This is because plant stress is usually accompanied by increased ROS production 
(Holmberg and Bülow, 1998). Furthermore, exogenous application of H2O2 (Cui et al., 
1999) or the use of inhibitor for H2O2-degrading enzymes (Luo et al., 2001) has been 
shown to promote SE. In this study, GST overexpression not only confers the plant 
tolerance to stress but also enhances the capability of regeneration, implying that 
regeneration may be associated with the ability of the tissue to combat stress in culture. 
A similar hypothesis has also been proposed for plant protoplasts, in which activation 
of the ROS-scavenging mechanism to combat oxidative stress is crucial for the 
regeneration potential (Papadakis and Roubelakis-Angelakis, 2002). Nevertheless, it is 
possible that accumulation of appropriate levels of H2O2 is required to induce GST 




6 CLONING AND CHARACTERIZATION OF THE 
PROMOTER OF A PHI CLASS GLUTATHIONE S-
TRANSFERASE GENE BY 5’- DELETION ANALYSIS 
 
6.1 Introduction 
There has been increasing evidence showing that GSTs are involved in stress 
and physiological responses in plants. Various external stimuli such as ozone, H2O2, 
heavy metals, heat shock, dehydration, wounding and biotic elicitors have been 
reported to stimulate expression of GSTs (Marrs, 1996). The role of GSTs in stress has 
been demonstrated in transgenic studies, where overexpression of GSTs in tobacco 
(Roxas et al., 1997) and rice (Takesawa et al., 2002) enhanced the capability of plants 
to endure harsh treatments such as high and low temperature and high salt. Recently, 
expression of a tomato theta GST in yeast repressed Bax-controlled apoptosis that was 
induced by oxidative stress (Kampranis et al., 2000). Apart from stress, GSTs may also 
serve as auxin- (Bilang et al., 1993; Zettl et al., 1994) or cytokinin-binding proteins 
(Gonneau et al., 1998). In maize (Marrs et al., 1995) and petunia (Alfenito et al., 
1998), GSTs may be required for anthocyanin sequestration in vacuole.  
 Most of the GSTs studied have been shown to be regulated transcriptionally. 
Gene expression conferred by a 780-bp promoter of the soybean GST homolog, 
GH2/4, could be induced by a variety of agents, including auxins, SA, ABA, BA, 
heavy metal, DTT, GSH, heat shock and H2O2 (Ulmasov et al., 1995). Transcriptional 
activation of GST expression mediated by auxin, H2O2, and SA may be associated with 
the presence of the ocs element in the promoter (Zhang and Singh, 1994; Chen et al., 
1996; Chen and Singh, 1999). Other studies have shown that the presence of specific 
motifs in the promoter such as auxin responsive elements (AREs) (Takahashi et al., 
 127
1995) and ethylene responsive element (ERE) (Itzhaki et al., 1994) may be responsible 
for auxin and ethylene induced GST expression, respectively.  
Results of the previous study showed that expression of GST in mustard could 
be induced by H2O2, ACC, SA and paraquat but inhibited by spermidine (Chapter 5). 
Furthermore, transgenic study also showed that stress tolerance was associated with 
the abundance of GST transcripts (Chapter 5). However, the molecular mechanism of 
GST expression is not clear.  
To investigate whether GST expression was regulated transcriptionally at the 
cis-acting elements in the promoter, the objectives of this study are:   
(1) Cloning and sequence analysis of the 5’-regulatory element (promoter) 
of BjGSTF2. 
(2) Functional analysis of the promoter by spatial and temporal expression 
in transgenic plants during growth and development. 
(3) Gene expression conferred by BjGSTF2 promoters in transgenic plants 




6.2.1 Molecular cloning of the BjGSTF2 promoter 
A 2640-bp promoter upstream of the transcription start site of BjGSTF2 was 
isolated from mustard (Figure 27) by genomic DNA walking strategy using an adaptor 
primer and a gene specific primer derived from the cDNA sequence of BjGSTF2. The 
putative transcription start site, which was identified by 5’-RACE PCR, was located 
72-bp upstream of the ATG translation start codon. This transcription start site of 
adenine was designated as +1. A putative TATA-box and a CAAT-box were detected 
at the positions –33 and –82, respectively (Figure 27), which is comparable to the 
distance of these two consensus sequences in many plant genes. Comparison of this 
fragment with the 5’-flanking sequence of AtGSTF2 revealed several conserved 
regions starting from –1358, with sequence identity ranging from 80-90% (Figure 27).  
 
6.2.2 Generation of transgenic plants expressing the GUS gene conferred by 
different BjGSTF2 promoters 
To define the function of the BjGSTF2 promoter, a series of 5’-deletions of the 
promoter was created and fused to the GUS gene. It was thought that the conserved 
regions might possess functional cis-elements, deletion was therefore carried out 
outside these regions. A total of six promoter constructs were generated. These were 
GST2623 (from –2623 to +18), GST1520 (from –1520 to +18), GST1145 (from –1145 
to +18), GST756 (from –756 to +18), GST310-I (from –310 to +18), and GST310-II 
(two tandem repeats of GST310-I) (Figure 6, Chapter 3). After verified by sequencing 
analysis, these constructs were mobilized into A. tumefaciens LBA4404 using 
triparental mating as described previously (Rogers et al., 1986) and transferred into 
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               GST1520 
-1524 atatgggtcttctctttgtggtatatgatctacatattgttatctaacttgttctagtgttacttacatcgaacactaatctgatgatgattg 
-1431 attaagtaattagaaccaatagatggaaaagcttttgacctttttgttttttttctatcagtgttttgtttgtagggtatttgcaggatcttg                                                                                .................... 
-1338 tttacaagttaagcaaagtaggacaagccattgagaacaatgatctggaagctgcatgtttggtcttagggaaaggcattgataccggatggg       .......... ..... .............................   ....... ....... .. ................... ..... 
-1245 tcaaaactgttaatttggctttcacaaaggtctttt      ....... ...... .................... gcttgctccttccaactcacaatggtcaaatcaaatgactatatttatatgtcaaaa 
                  GST1145 
-1152 catccatgttgtctcccatcctctctcactttccacaaggtagattttttactgtatgttgaagctccttctttgtgttgtactgacagttga                                                       ....... .......  ..... ........ .    ........ 
-1059 gttcaaacccggaaaaaaatacagaagtggaaacatttaattcatatttagcttctcttattacatcaggc      .. ... ... ... . ........ ...... .... .......  .. ........... ........ tcgttattcttcttaaattccc 
 -966 tatacacaagaatcaaattcatccatttaaaaaaacataataaagatcttactgaaacttggttacgcagtgaacaagaacgatagagagtca                                                                        .................... ....... 
 -873 tctaagctcgcgtttgtgtcatcggctagtgcatttgagaaatggacgagcttgacaggtcttttgggtcagcttaagggaatatgataggct       .. ........ .. .. ..... ... ................... .  ................  ............ . ......... 
                                  GST756 
 -780 gccttacaaaattgtctttatttttcctacagatggtcaacaaaagaagagtggaaacaaacgaacaaaacaatcctttgaaaatgccatctt 
 -687 aacagctttgcttatcattctttattacatttgttcatacttaccttgcattgactaacttttaaaaagtttcagtcacgagtttgaatggta 
 -594 ataactcaacattaaaaggaacctttcaaccagaattccacataaataaactttaaataaaaaaacctttgaaccgggaagaagtcatgcccg 
 -501 atatgctaaccaagagtgtgtcaatcaagtaaagttgtaaaccaaaacccgggtaaaacatgtacaaccaaatttcacatcaatagaaaccca 
 -408 tttaaccgagaaatcatgccggttaaaagcatcccgaaacaatactgaaccggtaataaccaaggtgtatgtccgttactaggtggagcatga 
                GST310 
 -315 caattaggtggaagtttgagacatttgggcgttagtacacacttgtttgatcttttctttgatgacattcattgaatgctttattatttaaaa 
 -222 actatatctcataaccaaattgtaaaaaacaaatattcaaacgtttaaacaatccaattccaatttgacaaatcctccaaagaagactagtca                               .... ........ ....... ..... ........   ..... ......... .............. 
                                                   CAAT-box 
 -129 atattggtttgcgacggtcttatagatgcattattgatcagctaaaacaatattaaacattaatgagaac      ....... ...... .. ... .... ........ ... . . . . ..................... ccattaaaatgctctgtttttta 
         TATA-box                               GST-p3 * AATTAAACACATCACATTTTAAAGAGTTTCTTTTGT   -36 cttgtataaatacgatcattacttgtctcttgtttcATCACCTTCACATTCAACATT        ...........  ........... .... ............... ........ 







Figure 27. Promoter sequence of BjGSTF2. The 2640-bp 5’-flanking sequence 
upstream of transcription start site was isolated from mustard by genomic DNA 
walking strategy. The transcription start site marked by the asterisk was designated 
as +1. Nucleotide that was identical to that of AtGSTF2 promoter was dotted under 
the sequence. The primers used for 5’-deletion (Figure 6, Chapter 3) were
underlined. The putative TATA-box and CAAT-box were boxed. The start codon 
(ATG) and the in-frame stop codon (TAA) were black boxed.  
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Arabidopsis plants by floral-dip method (Clough and Bent, 1998). Transgenic plants 
carrying the binary vector pBI121 were also generated to serve as positive controls. 
The inoculated plants were grown in an environmental-controlled growth 
chamber until seed setting. T1 seeds were collected and sown on hormone-free MS 
medium containing 50 mg/l kanamycin. The kanamycin-resistant green seedlings that 
grew normally, as compared to yellowish kanamycin-sensitive seedlings that grew 
slowly, were selected. Those kanamycin-resistant seedlings were also shown to be 
GUS-positive, as verified by histochemical assay for the GUS activity (result not 
shown). For each transformant, 10-12 independent plants were selected and grown to 
maturity for T2 seeds. The T2 seedlings that were resistant to kanamycin were selected 
for gene expression study. 
 
6.2.3 Organ specific expression  
 To investigate the spatial expression of the GUS gene under the control of 
truncated BjGSTF2 promoters, the GUS activity in different organs of three-week-old 
transgenic Arabidopsis plants was analyzed. Results revealed that GST2623 conferred 
the highest transgene expression in roots and cotyledons but the expression was 
considerably lower in leaves, especially in young leaves where GUS activity was 
barely detected (Figure 28A). Transgene expression was also affected by the length of 
the promoter. It was found that the GUS activity in leaves was lower when the 
promoter length was decreased from –2623 to –1520 (Figure 28B) and -1145 (Figure 
28C). However, further decrease in the promoter length to -756 resulted in a marked 
increase in the GUS activity, where level was higher than that conferred by GST2623 
(Figure 28D). The shortest promoter, GST310-I, could still confer transgene 
expression, although expression was attenuated compared to GST756 (Figure 28E). 
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Figure 28. Histochemical assay of the GUS activity in transgenic Arabidopsis plants 
expressing the GUS gene driven by different BjGSTF2 promoters. Three-week-old 
transgenic plants expressing the chimeric genes of GST2623::GUS (A), GST1520::GUS
(B), GST1145::GUS (C), GST756::GUS (D), GST310-I::GUS (E) and GST310-II::GUS
(F). In GST2623::GUS plant, GUS activity was also detected in siliques (G), anther and 
stamen (H) and root (I). J, root from transgenic plants with pBI121 (positive control)  132
 Interestingly, when GUS expression was driven by the two copies of GST310 in 
tandem (GST310-II), the transgene activity in all organs was markedly stronger as 
compared to other constructs (Figure 28F). In general, the GUS activity in roots and 
cotyledons was not affected by the type of promoter used except GST310-II, which 
markedly upregulated the expression. 
Although the roots of GST2623::GUS were strongly stained, the GUS activity 
was completely absent in the tip and newly formed lateral roots (Figure 28I). A similar 
phenomenon was also observed in other transgenic plants. This was contrary to 
positive control transgenic Arabidopsis plants with pBI121, where the GUS activity 
was detected in the whole roots including the tips (Figure 28J). Transgene expression 
in the reproductive organs was also determined. It was found that the GUS activity in 
different transgenic plants was generally similar, although the activity in 
GST1520::GUS and GST1145::GUS plants tended to be lower. Among the 
reproductive organs, the GUS activity was higher in anthers and both ends of the 
siliques, but no activity was detected in seeds, the main portion of the siliques, petals 
and stamen (Figure 28G, 28H).  
 
6.2.4 Changes in the transgene activity conferred by different BjGSTF2 
promoters in response to H2O2, ACC, SA and spermidine 
The previous studies showed that accumulation of GST transcripts could be 
stimulated by H2O2, ACC and SA but downregulated by spermidine (Chapter 5). To 
determine whether changes in GST expression in response to treatments were 
associated with transcriptional regulation, leaf tissues from three independent lines of 
T2 plants for each transformant were incubated for 6 h in 10 mM H2O2, 0.5 mM ACC, 
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0.2 mM SA and 20 mM spermidine. As shown in Figure 29, the GUS activity in 
GST2623::GUS was significantly higher in response to H2O2, ACC and SA but 
spermidine had little effect compared to leaves incubated with water. The stimulatory 
effect of ACC but not H2O2 and SA was also observed in GST1520::GUS, whereas 
spermidine was inhibitory to transgene expression in both GST1520::GUS and 
GST1145::GUS. With respect to GST756::GUS and GST310-I::GUS, the level of 
GUS activity was generally comparable among the treatments (Figure 29). 
Nevertheless, changes in the GUS activity conferred by different BjGSTF2 promoters, 
as shown in leaves incubated with water, were similar to those observed in vivo (Figure 
28A-28E).  
 
6.2.5 H2O2 accumulation and GUS activity in leaf discs during shoot 
regeneration in vitro 
Results of the previous study showed that both H2O2 and GST transcripts 
accumulated in leaf discs during shoot regeneration, and GST expression could also be 
induced by H2O2 treatment (Chapter 4). However, it was not clear whether change in 
H2O2 accumulation in cultured tissues was associated with GST expression. To address 
this question, the in situ analysis of both H2O2 production and GUS activity in cultured 
tissues of GST2623::GUS was conducted. Results showed that the pattern of the GUS 
staining and that of H2O2 accumulation in leaf discs during a 12-day culture period 
were comparable (Figure 30). In general, low levels of H2O2 and GUS staining were 
first detected at the cut edge of the tissue at day 0 (C0). The stained area became more 
intense and increased gradually by spreading toward the center of the tissue with an 
increase in the culture time. It was observed that the staining intensity increased 










































 Figure 29. Effect of treatments on the GUS activity in transgenic Arabidopsis
plants conferred by different BjGSTF2 promoters. Leaves from 3-week-old 
transgenic plants were incubated for 6 h in 10 mM H2O2, 0.5 mM ACC, 0.2 mM SA
and 20 mM spermidine (Spd). Bars represent mean ± S.E. of three independent T2
lines from the same transformant.  
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 Figure 30. H2O2 accumulation and GUS activity in leaf disc explants of 
GST2623::GUS transgenic plants during 12 days of culture. Leaf discs were 
cultured on CIM for 6 days before being transferred to SIM-A. Samples were 
collected at different intervals for qualitative analysis of the H2O2 content using 








the GUS activity was detected in the entire cultured tissue. For tissues stained for H2O2 
production, a small central area remained not stained even after 12 days (SIM12) but 




6.3.1 Characterization of BjGSTF2 promoter  
This study reports the isolation of a 2640-bp BjGSTF2 promoter from mustard. 
The promoter is characterized by the presence of putative TATA and CAAT boxes 
located at –33 and –82 upstream of the transcription initiation site, respectively. As 
demonstrated in many other promoters, these consensus sequences are essential for 
transcriptional activation (Roeder, 1996). Sequence analysis shows that several regions 
of the BjGSTF2 promoter are highly homologous (80-90%) to that of AtGSTF2. This 
high sequence similarity implies the possible similar transcriptional regulatory 
mechanism of these two genes in mustard and Arabidopsis.  
Because the product of GUS gene can be detected both qualitatively and 
quantitatively using the relatively simple and straightforward enzymatic assay 
(Jefferson, 1987), this reporter gene was selected for functional analysis of the 
BjGSTF2 promoter in this study. This is achieved by construction of chimeric genes 
consisting of the GUS coding sequence under the control of different truncated 
BjGSTF2 promoters. After the chimeric genes are transferred into Arabidopsis plants, a 
model plant system with short life span, transgenic plants can be used as a tool to 
investigate transcriptional regulation of spatial and temporal expression of GST.  
 
6.3.2 Spatial gene expression in transgenic plants  
Results of a previous study showed that GST expression might be regulated 
spatially and temporally (Chapter 5). In this study, the GUS activity in transgenic 
plants expressing GST2623::GUS accumulated predominantly in roots but the level is 
considerably lower in leaves, especially the young leaves. This pattern of expression is 
consistent with that of GST transcript accumulation in northern analysis (Chapter 5), 
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indicating that spatial expression of GST in mustard is transcriptionally regulated. In 
transgenic plants expressing the GUS gene driven by the shorter GST promoters, the 
GUS activity is lower in GST1520::GUS and GST1145::GUS transgenic plants 
compared to GST2623::GUS. This may be explained by the deletion of the specific 
sequence present between –2623 and –1146, which may be required for higher gene 
expression. Nevertheless, further deletion of the promoter sequence to –756 
(GST756::GUS) has resulted in a marked increase in the GUS activity in the leaves, 
which is substantially higher than that in GST2623::GUS plants. The exact cause of 
expression upregulation in GST756::GUS is not clear. It is speculated that the 
sequence between –1145 and –757 may possess elements or motifs responsible for 
transcriptional downregulation of GST. Results also show that the promoter of 310-bp 
is sufficient to confer gene expression. This has been demonstrated in GST310-I::GUS 
plant, whose GUS activity is comparable to that in GST2623::GUS, although the 
activity is markedly attenuated compared to GST756::GUS. Strikingly, a maximal 
level of GUS activity is detected constitutively in all organs of the GST310-II::GUS 
plant, where the GUS gene is under the control of two copies of the GST310 promoter 
in tandem. The presence of two promoters appears to exert a synergistic interaction in 
transcriptional activation throughout the whole plant. The effect of GST310-II is 
phenomenal, but the molecular mechanism is not clear. 
Results of this study also show that the effect of 5’-deletion of the promoter on 
gene expression appears to be confined only to the leaves. The GUS activities in roots, 
except the tips, of all transgenic plants are high, and the levels are comparable. These 
results indicate that spatial variation of gene expression in leaves and roots may be 
regulated in different regions of the promoter. While the region of –310 and its 
upstream sequence may be implicated in gene regulation in leaves, strong expression 
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in roots may be conferred by specific sequences located within 310-bp upstream of the 
transcription initiation site. Despite of a strong GUS activity present in roots of all 
transgenic plants, the activity is not detected in root tip. This observation, together with 
the low GUS activity in young leaves, suggests that BjGSTF2 expression is inactive in 
actively growing tissues. These results appear not to be in line with the findings of 
other studies showing that GST expression can be upregulated by exogenous 
application of auxin (Takahashi and Nagata, 1992; Itzhaki and Woodson, 1993; Van 
der Kop et al., 1996; Dixon et al., 1998; Csiszár et al., 2001), which is synthesized 
predominantly in young tissues such as shoot apices and developing tissues. However, 
in this study, it is not certain whether BjGSTF2 expression in young tissues is inhibited 
by the presence of high levels of endogenous auxin. This discrepancy is not surprising, 
in view of GSTs with divergent roles in the super-gene family. Nevertheless, this 
question should be addressed in future studies. 
 
6.3.3 Transgene expression in response to treatments 
GST expression has been shown to be regulated by various stimuli (Marrs, 1996, 
Edwards et al., 2000). Results of the previous study also showed that GSTs could be 
induced by exogenous H2O2, ethylene and SA but repressed by spermidine (Chapter 
5). The similar stimulatory effect of H2O2, ACC and SA has also been observed in 
transgenic plants expressing GST2623::GUS in this study. These results suggest that 
GST expression may be regulated transcriptionally in plants in response to stress. 
Transcriptional regulation of GST expression has also been reported in transgenic 
tobacco expressing the mas1::GUS gene (Csiszár et al., 2001). Transgenic plants 
showed a marked increase in the activity of GUS and GST in response to 2,4-D. 
Furthermore, application of 2,4-D also resulted in increased ethylene production and 
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inhibition of ethylene receptors by 2,5-norbornadiene decreased the GUS activity 
(Csiszár et al., 2001). These findings imply that 2,4-D-induced GST expression may be 
mediated through ethylene production. A similar stimulatory effect of ethylene on GST 
has also been reported in Arabidopsis (Zhou and Goldsbrough, 1993) and in this study. 
It has been speculated that upregulation of GST expression in response to auxin, 
ethylene, wounding or H2O2 may be attributed to the presence of ocs or ocs-like 
elements in the GST promoter (Zhang and Singh, 1994; Chen and Singh, 1999; 
Garretón et al., 2002). However, these elements are not detected in the BjGSTF2 
promoter, suggesting that GST expression induced by ethylene, H2O2 or SA in this 
study may be controlled by an ocs-independent pathway. 
The stimulatory effect of H2O2 and SA is not detected in GST1520::GUS and 
other transgenic plants with promoter deletion mutants, suggesting that transcriptional 
activation induced by H2O2 and SA may be located between –2623 and –1521 of the 
BjGSTF2 promoter (Figure 31). Results also indicate that the inhibitory effect of 
spermidine on GST expression is transcriptionally regulated. This is evidenced from 
the lower GUS activity in tissues of GST1520::GUS and GST1145::GUS plants in 
response to spermidine, although the decrease in activity in GST2623::GUS is not 
significant. However, transgene expression in GST756::GUS plant upsurges markedly 
and the level is comparable in all tissues regardless of the treatment, including 
spermidine. These results imply that the sequence responsible for spermidine-mediated 
transcription downregulation may be located between –1145 and –757 (Figure 31). 
Like GST756::GUS, the level of transgene expression is comparable in both control 
and treated tissues of GST310-I::GUS plant. These results suggest that the H2O2, ACC, 
SA and spermidine responsive sequences may not be present in the first 756-bp 























Figure 31. Schematic diagram summarizing the regulatory regions of BjGSTF2
promoter. The black and hatched boxes refer to the sequences containing the 
elements enhancing or repressing gene expression in leaf tissues and in response to 
different external stimuli based on the analysis of transgenic Arabidopsis expressing 
the GUS gene under the control of full-length and different 5’-deleted BjGSTF2
promoters. -2623 -1145 -756 -310-1520142
   
6.3.4 GUS expression is associated with H2O2 accumulation in transgenic tissues 
Results of the previous study showed that H2O2 accumulated in mustard leaf 
disc explants during the early stages of shoot regeneration (Chapter 4) and the level of 
GST transcript was coincided with the regeneration rate (Chapter 5). To clarify the role 
of GST in shoot regeneration in vitro, the in situ localization of GUS activity in 
cultured leaf discs of transgenic plants expressing the GUS gene controlled by the 
GST2623 promoter was analyzed. Results showed that the GUS activity increased with 
time during the 12-day culture period. Coincidently, cultured tissues also exhibited a 
similar pattern of H2O2 accumulation during culture. This similarity suggests that H2O2 
may play a regulatory role in temporal expression of GST during shoot regeneration. 
This speculation is supported by the promoting effect of H2O2 on GST expression, as 
demonstrated in this (Chapter 5) and other studies (Chen et al., 1996; Polidoros and 
Scandalios, 1999; Seppänen et al., 2000; Levine et al., 1994). Furthermore, the 
implication of H2O2 may also offer an explanation to the pattern of transgene 
expression and H2O2 accumulation in cultured tissue, where both are detected first at 
the cut edge and later in other part of the tissue. This is because of the wounding effect 
that can stimulate H2O2 production (Orozco-Cárdenas and Ryan, 1999).  
This study reports the isolation of a functional GST promoter from mustard, 
which has been characterized by spatial and temporal expression in transgenic 
Arabidopsis in vivo and in vitro, and in response to various external stimuli. Results 
show that the promoter of 310-bp is sufficient to confer gene expression. The 5’-
deletion analysis indicates the presence of regulatory sequences or motifs in the 
promoter responsible for transcriptional activation. These results may facilitate further 
identification and characterization of these functional motifs responsible for the 
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regulation, which may be achieved by internal deletions and/or DNase I footprinting 
analysis. Also, the isolation of the transcriptional factors in the nuclear extracts that 
can bind to the respective sequences may provide further insight into the molecular 





7 ISOLATION AND CHARACTERIZATION OF A RAF-
RELATED MAPKKK GENE FROM MUSTARD  
 
7.1 Introduction  
The mitogen-activated protein kinase (MAPK) cascades are universal modules 
of signal transduction in eukaryotes, including yeasts, worms, flies, frogs, mammals 
and plants. These protein phosphorylation cascades are the major components 
downstream of receptors or sensors that mediate the intracellular transmission and 
amplification of extracellular stimuli, resulting in the induction of appropriate 
biochemical and physiological cellular responses. The basic assembly of a MAPK 
cascade is a three-kinase module conserved in almost all eukaryotes (Tena et al., 2001; 
Jonak et al., 2002). MAPK, the last kinase in the cascade, is activated by dual 
phosphorylation of the Thr and Tyr residues in a tripeptide motif (Thr-X-Tyr, where X 
could be Glu, Gly, Pro or Asp) located in the activation loop (T-loop) between 
subdomains VII and VIII of the kinase catalytic domain (Zhang and Klessig, 2001; 
Ichimura et al., 2002). This phosphorylation is catalyzed by a MAPK kinase 
(MAPKK), that, in turn, is activated by a MAPKK kinase (MAPKKK). The activation 
of MAPKKK can occur through physical interaction and/or phosphorylation by the 
receptor/sensor directly or by the interlinking of MAPKKK kinase (MAPKKKK) 
(Jonak et al., 2002). The terminal component of the cascade, MAPK, can 
phosphorylate diverse substrates, including transcription factors, which are capable of 
driving the expression of functional target genes (Jonak et al., 2002).  
There are multiple members of each of the three tiers of kinases in a cell, with 
each contributes to the transduction of a specific signal. In the Arabidopsis genome, 
the predicted members of MAPKs, MAPKKs and MAPKKKs are 23, 10 and 80, 
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respectively (Jonak et al., 2002). It is speculated that other plant species may possess 
similar numbers of these kinases. The combinations of this large set of genes provide 
the diversity and specificity necessary to transmit a wide range of signals in plants. In 
fact, MAPK cascades are associated with diverse physiological, developmental and 
hormonal responses, such as cell cycle, cell growth and death, ethylene and auxin 
signaling, and stress responses, including pathogen attack, wounding, touch, low 
temperature, drought, high salinity, and reactive oxygen species (ROS) (Kieber et al., 
1993; Mizoguchi et al., 1997; Kovtun et al., 1998; Kovtun et al., 2000; Frye et al., 
2001; Tena et al., 2001; Zhang and Klessig, 2001; Krysan et al., 2002).  
The MAPKKKs are the most divergent group of kinases in the cascade and 
consist of the most members. They also possess greater variety in primary structures 
and domain composition. For example, the catalytic kinase domain locates in the N-
terminal of tobacco NPK1 and its Arabidopsis homologues ANP1-3, while in CTR1 
and EDR1 the conserved kinase domain is in the C-terminal and a long regulatory 
domain exists in the N-terminal domain. This may reflect the wide range of substrate 
specificities and regulatory mechanisms resulting from the divergence of exogenous 
stimuli (Jouannic et al., 1999; Ichimura et al., 2002).  
Although MAPKKKs exist in plants as a big family, only a few of them have 
been studied and assigned functions in vivo. These include the two Raf-related 
MAPKKKs, CTR1 and EDR1. CTR1 was identified in a screen for Arabidopsis 
mutants that displayed the constitutive triple-response phenotype (Kieber et al., 1993). 
The ctr1 mutant exhibited phenotypes observed in wild type plants exposed to 
ethylene. Additionally, genes that normally require ethylene for induction are 
constitutively expressed in ctr1 (Kieber et al., 1993). These observations, together with 
the recessive nature of this mutant, indicate that CTR1 is a negative regulator in the 
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ethylene signal transduction pathway. Genetic epistatic analysis has placed CTR1 
downstream of the ethylene receptors. Furthermore, the yeast two-hybrid and in vitro 
binding assays have shown that the N-terminal domain of CTR1 can directly interact 
with the histidine kinase domain of ETR1 and ERS1 (Kieber et al., 1993; Clark et al., 
1998). The orthologs of CTR1 have also been isolated from tomato and rose (Leclercq 
et al., 2002; Muller et al., 2002), implying the conservativeness of the ethylene 
signaling pathway. The genes cloned downstream of CTR1 include SIMKK 
(MAPKK), MPK6 (MAPK), EIN2, EIN3 and ERF1 (transcription factors), 
representing the only complete MAPK signaling pathway identified in plants so far 
(Ouaked et al., 2003). EDR1 is another Raf-like MAPKKK with extensive homology 
to CTR1 in the kinase domain (Frye et al., 2001). While the edr1 mutant showed no 
phenotypical alterations under normal growth conditions, it displayed elevated 
resistance to pathogen attack (Frye et al., 2001). Double mutant analysis revealed that 
the resistance phenotype depended on SA-induced defense responses and was 
independent of jasmonic acid- and ethylene-induced defenses. Putative orthologs of 
EDR1 have also been reported in rice and barley, indicating that EDR1 may be 
involved in defense responses in these plant species (Frye et al., 2001).  
In a previous study to identify genes associated with shoot regeneration of 
mustard in vitro (Chapter 4), a partial cDNA homologous to CTR1 and EDR1 was 
isolated. This cDNA was designated as shoot regeneration-related mitogen-activated 
protein kinase kinase kinase (SRKKK). In this study, the aims are as follows:  
(1) To isolate the full-length cDNA and genomic clones of SRKKK, 
including the 5’-upstream regulatory sequence. 
(2) To characterize the SRKKK gene by expression study in response to 
various hormonal and chemical stimuli. 
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(3) To investigate the function of SRKKK by overexpression and 




7.2.1 Cloning and sequence analysis of SRKKK gene  
A partial cDNA that displayed high homology with CTR1 and EDR1 was cloned 
previously (Chapter 4). Based on this fragment, a full-length cDNA of 3146-bp was 
isolated using SMARTTM RACE cDNA Amplification Kit. This cDNA comprised a 
183-bp 5’-untranslated region (UTR) and a 53-bp 3’-UTR, encoding a 970-aa 
polypeptide with the molecular weight of 105564.1 and a theoretical pI of 5.18. An in-
frame stop codon TAG was located 54-bp upstream of the translation start codon ATG. 
Analysis of the protein sequence revealed a protein kinase catalytic domain (687-942 
aa) in the C-terminus. The polypeptide also possessed several motifs, including an Ala-
rich region that contained 26 Ala out of 50 amino acids, an ATP-binding region, and a 
serine/threonine protein kinases active-site (Schenk and Snaar-Jagalska, 1999) (Figure 
32).  Hydropathy analysis (Kyte and Doolittle, 1982) of the amino acid sequence 
showed higher distribution of hydrophilic than hydrophobic amino acids (Figure 33), 
suggesting that SRKKK may be a cytosolic enzyme, which is in line with the 
hypothetic function of SRKKK as a MAPKKK.  
The genomic sequence and a 1745-bp 5’-flanking sequence were also isolated 
by PCR amplification and genome walking, respectively. Comparison of the genomic 
sequence with the cDNA sequence revealed the presence of 12 introns, ranging from 
62 to 420-bp, which were similar to its Arabidopsis ortholog (AAG52069). All of the 
intron-exon boundaries possessed the consensus for plant splice donor and acceptor 
sites (Brown, 1986) Interestingly, while the length of C-terminal kinase domain (256 
aa) constituted less than one third of the polypeptide (970 aa), 9 out of the 12 introns 
were located in the this domain. The smallest exon (exon 5) was only 41-bp. A 










 -968 aatatcctgcaagacagtgccttatagactttatagtatattttctcacgtgcataataacatagttatcttttcatgcgaatattcagagttaaattctcttttcatttt 
 -857 gttttttttttccctcggaattgacagcttattaaacaataaagccaatttctagtcattctcaatatggaaagttataggcgttaattttgctgtgacattaatgggtta 
 -746 ttattcctttatgctcaaaagaatactagaagatccaaaacaaacattttaaaattttctagaaacccatttccttctctttcatttttatttttattttactttttgtaa 
 -635 tgatgaaaactcattgaaataccttcaaaatattctaacggatccttattatttcatacaatttgtacttcaaaaaattcatgaaaaacataggtgtaggaatgactgaaa 
 -524 tgagaaaaagaattggtgtagattctttagtagtgtgtttatatagaaagaaaaggcaaccgttttatatgccacaattaatgtgaagcctgtctttgtgcaatttaagta 
 -413 ccatcccgttctatctttttcttcctcatcttttcaggttcacgcactcagctgtttgaaaaagatacgcctcttctttctctctctttttttttttgcatgtcacagtaa 
 -302 gtatatatctctctttcatttaaaaaaaaattaatttttgccactctccacttatttgtcgtgaagctcaatagacagagagaaaaagaaagtggagtgaaaacgagagag 
 -191 acaagttatttttcccttcttttgacaaggagatatacaagttggtgaaaggagaggagagaattagagaggttcattgt                                                                                      acggagaatttgtcactattattcatttttt 
*   -80 ctctttttttttgttgcttttaattcctttgagtgggttttggtgtgctttaaaacaaaaaaaaaaaatcgtgatttatcGAAAAAGAGTGGCTGCGAAGATTCAATTCCT 
   32 TTGTGTGTGGGTTTGTTTAGAGTTTCTGAGGTTCTCACAAGCTCCTCTCCACCAACCTCTGTGCTGTGCCGTTCGTTCAAGAAAAATAGGGATTTGACTAGTCGTTGATCG 
  143 GGGGAATCGAACTCGGGATCTCCCGGGTGGTGGTGTTTCAAATGCCCGATAGCGTTCGGAGCATGAAGATGAACATGAAGAGCTTTCTTAAAAAACTCCACATCACTCCCA 
    1                                           M  P  D  S  V  R  S  M  K  M  N  M  K  S  F  L  K  K  L  H  I  T  P   
  254 ATCAACCCGACGAAGCCGCCGACGGATCATCGATTCCAACCAATAAGTCAAGCGATGTATCATCATCACCTCACCACCAGAGCCCCGAAGTCAAACCCTTTTCCGGTTTAT 
   24 N  Q  P  D  E  A  A  D  G  S  S  I  P  T  N  K  S  S  D  V  S  S  S  P  H  H  Q  S  P  E  V  K  P  F  S  G  L   
  365 CCAACTGGCTAAGCTCCGTTGGCCACAGAAAAAGCCCAAGCCCACCTAACTCACTCAATGCTACTAACGGTGGCGATGATGAGCAGCAGCAAGACTCCAAGGAGGATCCAG 
   61 S  N  W  L  S  S  V  G  H  R  K  S  P  S  P  P  N  S  L  N  A  T  N  G  G  D  D  E  Q  Q  Q  D  S  K  E  D  P   
  476 AGGTTGAAGAAGAGTATCAGATACAGTTGGCCTTAGAGCTAAGCGCTAGAGAGGATCCCGAAGCTGCTCAGATCGAAGCTATGAAGCAGTTCAGCTTAGGCTCTTGCGCTC 
   98 E  V  E  E  E  Y  Q  I  Q  L  A  L  E  L  S  A  R  E  D  P  E  A  A  Q  I  E  A  M  K  Q  F  S  L  G  S  C  A   
  587 CTGACAACTCCCCAGCTGAACTCGTCGCTTATCGTTACTGGgttagtctcaaaatcaaaactttaactccttttcttcgttgttttacttaaaggtttaaactttcctctc 
  135 P  D  N  S  P  A  E  L  V  A  Y  R  Y  W   
  698 tgtttcttcattttctacttaaagttctctgctttcctctgtttcttcatttttctacttaaagttctctgctttcctctgttacttcgtttttctacttaatgttctctg 
  809 ctttcctctgttttggcatttacagAATTACAATTGTCTTGGCTATGATGACAAGATCTTGGATGGTTTTTATGATCTCTATGGAGTGTTGAATGCTTCCTCAGCGGAAAA 
  149                           N  Y  N  C  L  G  Y  D  D  K  I  L  D  G  F  Y  D  L  Y  G  V  L  N  A  S  S  A  E  K   
  920 GATACCTCCTTTGCTTGATCTCCAAGGGACGCCTGTCTCTGACGGCGTGACGTGGGAAGCTGTTCTTGTGAACAGGAGTGGGGATTATAATCTGTTGAGAGTTGAGCAGAT 
  178   I  P  P  L  L  D  L  Q  G  T  P  V  S  D  G  V  T  W  E  A  V  L  V  N  R  S  G  D  Y  N  L  L  R  V  E  Q  M   
 1031 GGGTATTGATATTGCGGCGAAGACGGAGTCTGTTTCTTCGTCTAGCTTTGTGAACAGCGAGCTGGTGAGGAAGCTGGCTGTTTTGGTTGGGGATTACATGGGTGGTCCTGT 
  215   G  I  D  I  A  A  K  T  E  S  V  S  S  S  S  F  V  N  S  E  L  V  R  K  L  A  V  L  V  G  D  Y  M  G  G  P  V   
 1142 TGTTGATCCGGATAGTATGTTGAGAGCGTGGAGGAGTCTTAGTTACAGTTTGAAAGCAACTCTTGGGAGCATGGTGTTGCCTCTTGGCTCTCTAACTATTGGATTGGCTCG 
  252   V  D  P  D  S  M  L  R  A  W  R  S  L  S  Y  S  L  K  A  T  L  G  S  M  V  L  P  L  G  S  L  T  I  G  L  A  R   
 1253 TCACCGTGCCTTGTTATTCAAAgtaataacaagagactcatcactattcagattgtgatccaattccattatctcactctttctttgtttgaaattttgtagGTTTTGTGT 
  289   H  R  A  L  L  F  K                                                                                  V  L  C   
 1364 GATAGCGTTGGTGTTCCTTGTCGGATAGTCAAAGGACAGCAATATACAGGTTCTGAAGATGTCGCAATGAACTATATTAAGACCGATGATGGCAGgtaatcatcacactaa 
  299  D  S  V  G  V  P  C  R  I  V  K  G  Q  Q  Y  T  G  S  E  D  V  A  M  N  Y  I  K  T  D  D  G  R   
 1475 cttcaggtattatgtatagattcaacacttatgtataggtttggtactgtggtatagattaagtatcaagtacatgtgctatgttttaaataggcactcgcgattgtttgc 
 1586 tttcatttttatatacctaaaaaacatttctacattattcttaaccttaaccatattttcaaacgtttatggaaatctatttttgttaagatttgattaaggaaatctata 
 1697 atttaaattaggaaaaaacaaacatagttcaataaatatttcaatggcatgccattgtaaataaatggttaaactaaagggtaatctaattttgtactcccctcttaatag 
 1808 attagataggtatgtactgaggctttatgaaagaaaattttgagtttatgcaatactattggtgatttcagGGAGTACATTGTTGATCTTATGGGAGATCCCGGTACGCTT 
  331                                                                          E  Y  I  V  D  L  M  G  D  P  G  T  L   
 1919 ATTCCAGCTGATGCAGCTGGACTACAAATAGACTATGACGAACCTGTCTGCTCCACTAGTCCTGGGGACAATGATTCATTTCATGATGCTTCTTCCACCAATGGGATTGAA 
  344  I  P  A  D  A  A  G  L  Q  I  D  Y  D  E  P  V  C  S  T  S  P  G  D  N  D  S  F  H  D  A  S  S  T  N  G  I  E   
 2030 AGTTCATTTCAAGAGAATATAGAGTTTCCCCCAGGGGAACATAGTTCTAGTACCAAAAGTTCCAAGGAAGATGTGGCGAAAGTTGAAAAGGCTCCTCCAGTTCAAAACCTC 
  381  S  S  F  Q  E  N  I  E  F  P  P  G  E  H  S  S  S  T  K  S  S  K  E  D  V  A  K  V  E  K  A  P  P  V  Q  N  L   
 2141 TCTAGCAGGCCTATTCATTCTTTCACACATATGAGATCACCTTCTTGGACTGAAGGTGTGAGCTCCCCAGCTGCGAGGAGGATGAAAGTCAAAGACGTTTCACAGTACATG 
  418  S  S  R  P  I  H  S  F  T  H  M  R  S  P  S  W  T  E  G  V  S  S  P  A  A  R  R  M  K  V  K  D  V  S  Q  Y  M   
 2252 ATTGACGCTGCCAAAGAGAATCCACGGTTGGCTCAGAAGCTTCACGATGTATTGCTTGAAAGCGGAGTTGTAGCTCCCCCCAATTTATTCTCCGAAGTCTATCCCCAGCAA 
  455  I  D  A  A  K  E  N  P  R  L  A  Q  K  L  H  D  V  L  L  E  S  G  V  V  A  P  P  N  L  F  S  E  V  Y  P  Q  Q   
 2363 CTGGATGCAACCGTCGAAATAAAAAACCTGACTGAAGCCAAGAAAGAGAAAGAGACAGCTCAGCAAGGAAGACACCAAAACGATCTTGGTCCAGTGCGGTTTTTGCCTCCA 
  492  L  D  A  T  V  E  I  K  N  L  T  E  A  K  K  E  K  E  T  A  Q  Q  G  R  H  Q  N  D  L  G  P  V  R  F  L  P  P   
 2474 TTACCAAGACTTCACTCTAAAGCAGATACACATGATCAACAACATGATCATGGCAAAGTTGTTAGTCAGTCTGATTCTTCACATTCCGAAGCATCTTCTACAGAATACGCC 





  566  R  T  V  P  A  A  V  A  A  A  A  V  V  A  S  S  M  V  A  A  A  A  A  K  T  A  N  T  E  S  S  T  L  E  L  P  A   
2696 GCAGCTGCCGCCACGGCCACTGCTGCAGCAGTTGTTGCAACAGCTGCAGCCGTGTCCAGGCATCTTGAGTTAGGGTCGAACAGCGATGGAGATGCTGGTTCCGGTGGACAT 
  603  A  A  A  A  T  A  T  A  A  A  V  V  A  T  A  A  A  V  S  R  H  L  E  L  G  S  N  S  D  G  D  A  G  S  G  G  H   
 2807 GAGCCTCAAGGAAGTGGGGACTCTCCTCATGGGCCGAACTCAGGAGGGGACAGAGTATCTGACAGATCTACTGGCGACGAAAGTTCAAAGTCTGATGGGACGCTTGATGAT 
  640  E  P  Q  G  S  G  D  S  P  H  G  P  N  S  G  G  D  R  V  S  D  R  S  T  G  D  E  S  S  K  S  D  G  T  L  D  D   
 2918 GTCTCTGACTGTGAGATTTTGTGGGAAGAGATTACTTTGGGAGAACGTATTGGACTTGgtaactgacttatcatctgttgttatctactttagtgtaactaactttaccaa 
  677  V  S  D  C  E  I  L  W  E  E  I  T  L  G  E  R  I  G  L   
 3029 taaaaaactaaatcgtttacctctattgatacagGATCTTATGGAGAAGTGTATCGAGGAGATTGGCACGGGACTgtgagtagtattatttgattttcagtttatactatt 
  696                                   G  S  Y  G  E  V  Y  R  G  D  W  H  G  T   
 3140 gagttaaattttatggaatgctataaatattaaggtttctgaatagaagtggatgaagaaatacttaaagcaattccgtagtttgagttccatgttgttgaaactcttgga 
 3251 cttggtagGAAGTGGCTGCCAAGAAGTTCCTTGATCAAGATCTTACAGGAGAAGCATTGGAGGAGTTCAGAAGTGAGgtacgagcttttaattctagttgttgtttttttg 
  710          E  V  A  A  K  K  F  L  D  Q  D  L  T  G  E  A  L  E  E  F  R  S  E   
 3362 ttaatagttctatgttaaacccatgttatatattctcttaacatttgaatgtgattcaagGTCCAAATCATGAAAAAGCTTAGACACCCCAACATTGTTCTCTTCATGGGA 
  733                                                              V  Q  I  M  K  K  L  R  H  P  N  I  V  L  F  M  G   
 3473 GCTGTGACCCGTCCACCGAATCTCTCAATTATCACAGAGTTTCTTCCTAGgtaatactgtgatctttgcaggattgattaatctgatactaaatggttctcatgtctacaa 
  750  A  V  T  R  P  P  N  L  S  I  I  T  E  F  L  P  R   
 3584 tgacattccatctcctcattcacagtagtattttattttctcacacttgtgcagAGGGAGCTTGTATAGGTTAATCCATCGGCCTAATAACCAGTTAGACGAGAGGAGGCG 
  767                                                         G  S  L  Y  R  L  I  H  R  P  N  N  Q  L  D  E  R  R  R   
 3695 TCTGAGGATGGCCCTTGATGCTgtatttactcttttttcctttttcattctcacacgttttgatctctgtcatatgtgtataactaatccattctttcaattatctttcag 
  786   L  R  M  A  L  D  A   
 3806 GCCCGTGGAATGAACTATTTGCACAGCTGTAGTCCTATGATTGTCCATCGTGATCTCAAGTCCCCGAACCTTCTAGTTGACAAAAACTGGGTTGTAAAGgttagcattttc 
  793  A  R  G  M  N  Y  L  H  S  C  S  P  M  I  V  H  R  D  L  K  S  P  N  L  L  V  D  K  N  W  V  V  K   
 3917 ctcataaatttgtatccattagataatatctgacgtaatattatgtacagGTGTGTGATTTCGGGTTGTCTAGAATGAAAAACAGCACATACCTCTCTTCAAAGTCAACAG 
  826                                                    V  C  D  F  G  L  S  R  M  K  N  S  T  Y  L  S  S  K  S  T   
 4028 CAGGCACGgtaagctgctagaaggaagttaccttctcctgtattgtagttatcttaattgtctgtttgttaatctaagataggcttgaatctatggtctttcagGCTGAAT 
  846 A  G  T                                                                                                  A  E   
 4139 GGATGGCTCCAGAAGTGCTTAGAAACGAACCTGCTGATGAGAAgtatgtttttttctttttatttgatccatctgttcccttttgaagacgtaggcctaatcgtcagggaa 
  851 W  M  A  P  E  V  L  R  N  E  P  A  D  E  K   
 4250 tatgatacctgaaacagGTGCGATGTTTACAGCTACGGTGTGATTCTGTGGGAACTCTTTACGTTACAGCAACCATGGGGGAGGATGAACGCGATGCAAGTTGTTGGGGCA 
  866                    C  D  V  Y  S  Y  G  V  I  L  W  E  L  F  T  L  Q  Q  P  W  G  R  M  N  A  M  Q  V  V  G  A   
 4361 GTTGGGTTTCAGCATCGACGTCTTGACATTCCAGACTTTGTGGATCCAGCAATTGCAGAACTCATTAGTAAATGCTGGCAAACgtgagtatttatatatattctgaaagta 
  897  V  G  F  Q  H  R  R  L  D  I  P  D  F  V  D  P  A  I  A  E  L  I  S  K  C  W  Q  T   
 4472 gtaatgcttaaacacacatgctttcactagaccatgtctcaattaacatagtcttgaatctttgacgccttcttatagtttctccctcttatgatttggctgatatatcta 
 4583 gtggctttttttgttttgtttattagGGATTCAAAGTTGAGGCCAAGTTTTGCAGAGATTATGGTTACTCTAAAGAAGCTACAGAGACCTGCAACAGGTTCCAACATCCCA 
  925                             D  S  K  L  R  P  S  F  A  E  I  M  V  T  L  K  K  L  Q  R  P  A  T  G  S  N  I  P   
 4694 AGACCAGTCCCCAGTTCTTCTTCATTATCAACTGAACAGGAACAAAAGGATTGTTAACAGAAGAAGAAAGACCAAAGTTGCAAATCTTTTCTTTGACTGTTTAAAGG   



















Figure 32. Genomic clone of SRKKK. (A) Genomic DNA with the nucleotide sequence
above the predicted amino acid sequence. The exon-intron boundaries were determined 
by comparison with the cDNA sequence. The number for the nucleotides is shown on 
the left, with the putative transcription start site designated as +1 and marked with an 
asterisk. The TATA box upstream of the transcription start site is boxed. An Ala-rich 
region is underlined, while the protein kinase ATP-binding region is double underlined. 
The serine/threonine protein kinases active-site signature is dotted. A tandemly repeat is 
indicated in the first intron (wave lined versus double-wave lined). (B) Schematic 
diagram represents the exon-intron structure of the SRKKK gene.   
151
  
 Figure 33. Hydropathy profile of the deduced amino acid sequence of 
SRKKK. Areas below the base line indicate regions of hydrophilicity, whereas 
areas above the base line correspond to hydrophobic domains.  152
report regarding the function of such motifs in introns. The putative transcription 
start site, which was identified by 5’-RACE PCR, was located at 183-bp upstream of 
the start codon. A putative TATA box was found at 158-bp upstream of the 
transcription start site (Figure 32). 
Southern blot analysis was performed to determine the relative copy number of 
the SRKKK gene in the mustard genome. Genomic DNA restricted with BamHI, 
EcoRI, EcoRV, XbaI and XhoI was hybridized with a 383-bp probe prepared from the 
genomic clone that did not contained the restriction site for the above endonucleases. 
The blotting results showed only one hybridized DNA fragment in all restriction 
reactions (Figure 34), suggesting that SRKKK may exist as a single copy gene in the 
mustard genome. 
 
7.2.2 SRKKK is a homolog of MAPKKK 
Comparison of SRKKK with CTR1, which is the most characterized 
MAPKKK in plants, revealed that two sequences shared a high homology (64%) in the 
C-terminal kinase domain, while the sequence similarity in the N-terminal regulatory 
domain was low (29%). Interestingly, the kinase and regulatory domains of an 
Arabidopsis gene (Accession No.: AAG52069) showed respective 95% and 80% 
identity to those of SRKKK, indicating that the Arabidopsis gene is an ortholog of 
SRKKK.  
The Genbank databases also contained three additional Arabidopsis sequences 
related to SRKKK. Alignment of these sequences revealed that they shared more than 
60% homology in the kinase domain, including the 11 subdomains as defined by 
Hanks and Quinn (1991). Furthermore, the conserved residues for protein kinases were 







 Figure 34. Southern analysis of the SRKKK gene in mustard. Genomic 
DNA digested overnight with different endonucleases was hybridized with 
DIG-labeled SRKKK specific probe. The probe was prepared from the genomic
clone of SRKKK from nucleotide 1980 to 2362. The EcoRI/HindIII digested λ
DNA molecular marker is indicated at the left. 
 
154
BjSRKKK     1 ------------------------MPDSVRSMKMNMKSFLKKLHITPNQPDEAADGSSIP 
AAG52069    1 ---MKVKEETLKNLGDGVVLRPVDHCSSIWSMKMNMKNFLKKLHISPNQSDEAEGSISTT 
AAM20643    1 -------------------------------MKMNMKKFLKKLRITPNQRDDGEGSVSNR 
AAL77650    1 --------------------------------MSKMKHLLRKLHIGGSSGVGGGFADHHR 
AtEDR1      1 -----------------------------------MKHIFKKLHRGGNQEQQNRTNDAAP 
AtCTR1      1 MEMPGRRSNYTLLSQFSDDQVSVSVTGAPPPHYDSLSSENRSNHNSGNTGKAKAERGGFD 
 
BjSRKKK    37 TN---------------KSSDVSSSPHHQSPEVKPFSGLSNWLSSVGHRKSPSPPNSLNA 
AAG52069   58 KSN-------HHKSIDVSSSSSPRSHHSNSPEIKPFSGLSNWLSSVGHRKIPSPPNSFNA 
AAM20643   30 SN----------KSSDAEPSPSDSLRSQDNSEFKPFLGLSNWLSSVTHRKSPSSSNATNS 
AAL77650   29 LD----------------DSTRPMIDPSPILSTSPSPASTSSVSSSGFGNASTTMPRLDT 
AtEDR1     26 PS------------------DQNRIHVSANPPQATPSSVTETLPVAGATSSMASPAPTAA 
AtCTR1     61 WDPSGGGGGDHRLNNQPNRVGNNMYASSLGLQRQSSGSSFGESSLSGDYYMPTLSAAANE 
 
BjSRKKK    82 TN---------------GGDDEQQQDSKEDPE------------VEEEYQIQLALELSAR 
AAG52069  111 KNRAATVDD-----TVVVNGSEHVDLGSKDPA------------VEEENQIQLALELSAR 
AAM20643   80 KEDDTTMEHGGPVGSESGMQGLGSSSNSKDPE------------VEEEYQIQLALELSAR 
AAL77650   73 FEP--------------VGRDLTAVDGVDFNL------------MEEEYQVQLAMAISVS 
AtEDR1     68 SN---------------------RADYMSS--------------EE-EYQVQLALAISAS 
AtCTR1    121 IESVGFPQDDGFRLGFGGGGGDLRIQMAADSAGGSSSGKSWAQQTEESYQLQLALALRLS 
 
BjSRKKK   115 -----EDPEAAQIEAMKQFSLGS-------CAPDNSPAELVAYRYWNYNCLGYDDKILDG 
AAG52069  154 -----EDPEATQIEAIKQFSLGS-------CAPENSPAELIAYRYWNYNCLGYDDKILDG 
AAM20643  128 -----EDPEAAQIEAMKQFSLGSRP-----SAPENTPAELMAYRYWNYNCLGYDDKIVDG 
AAL77650  107 DPDPRENADTAQLDAAKRISLGVSA----PVTDADSAVDFLSLRYWGHKVINYDQKVRDG 
AtEDR1     92 NSQSSEDPEKHQIRAATLLSLGSHQRMDSRRDSSEVVAQRLSRQYWEYGVLDYEEKVVDS 
AtCTR1    181 SEATCADDPNFLDPVPDESALRT----------SPSSAETVSHRFWVNGCLSYYDKVPDG 
 
BjSRKKK   163 FYDLYGVLN--------ASSAEKIPPLLDLQGTPVSDGVTWEAVLVNRSGDYNLLRVEQM 
AAG52069  202 FYDLYGVLN--------ASSAERIPPLLDLQGTPVSDGVTWEAVLVNRSGDSNLLRLEQM 
AAM20643  178 FYDLCGVMN--------ESSLKRIPPLVDLQGTLVSDGVTWDAVLVNSSKDSNLLRLEQM 
AAL77650  163 FYDVYGITSN-------SLSQGKMPLLVDLQAISISDNVDYEVILVNRLIDPELQELERR 
AtEDR1    152 FYDVYSLSTD-------SAKQGEMPSLEDLESNHGTP--GFEAVVVNRPIDSSLHELLEI 
AtCTR1    231 FYMMNGLDPYIWTLCIDLHESGRIPSIESLRAVDSGVDSSLEAIIVDRRSDPAFKELHNR 
 
BjSRKKK   215 GIDIAAKTESVSSSSFVNSELVRKLAVLVGDYMGGPVVDPDSMLRAWRSLSYSLKATLGS 
AAG52069  254 ALDIAAKSRSVSSSGFVNSELVRKLAILVGDYMGGPVVHPESMLRAWRSLSYSLKATLGS 
AAM20643  230 ALDIAAKSKSASSSGFVNSELVRQLAVLVADYMGGPVLDPDSTLRAWWSLSYSLKATLRS 
AAL77650  216 VFALASECPDFAP-GQVSSDLTQKIANIVVEQMGGPVENADEALRRWMLRSYELRNSLNT 
AtEDR1    203 AECIALGCSTTSV-----SVLVQRLAELVTEHMGGSAEDSSIVLARWTEKSSEFKAALNT 
AtCTR1    291 VHDISCSCITTKE-------VVDQLAKLICNRMGGPVIMGEDELVPMWKECIDGLKEIFK 
 
                        (1)##########                             (2)##### 
BjSRKKK   275 MVLPLGSLTIGLARHRALLFKVLCDSVGVPCRIVKGQQYTGSEDVAMNYIKTDDGREYIV 
AAG52069  314 MVLPLGSLTIGLARHRALLFKVLCDSVGVPCRIVKGQQYTGSEDVAMNFIKADDGREYIV 
AAM20643  290 MVLPLGSLTIGLARHRALLFKVLCDSVGVPCRIVKGQQYTGSDDVAMNSIKTDDGREYIV 
AAL77650  275 TILPLGRVNVGLARHRALLFKVLADRINLPCMLVKGSYYTGTDDGAVNLIKLDDKSEYII 
AtEDR1    258 CVFPIGFVKIGISRHRALLFKVLADSVRLPCRLVKGSHYTGNEDDAVNTIRLEDEREYLV 
AtCTR1    344 VVVPIGSLSVGLCRHRALLFKVLADIIDLPCRIAKGCKYCNRDDAASCLVRFGLDREYLV 
 
              #### 
BjSRKKK   335 DLMGDPGTLIPADAAGLQIDYDEPVCSTSPGDNDSFHDASSTNGIESSFQENIEFPPGEH 
AAG52069  374 DLMGDPGTLIPADAAGLQIDYDESAYSASPGDNDSIHVASSSNGIESSYEENTEFRTGEH 
AAM20643  350 DLMGDPGTLIPADAAGLQMDFDDSVYSASPRDVDSSHVASSSSGVESSIEEHTESWSAEH 
AAL77650  335 DLMGAPGALIPSEVPSSFLPVSCTDTRVFPENLDSLQHSSPVLEKEIETPAFSVSKEADS 
AtEDR1    318 DLMTDPGTLIPADFASASNNTVEPCNSNGNKFPTAQFSNDVPKLSEGEGSSHSSMANYSS 
AtCTR1    404 DLVGKPGHLWE---------------------PDSLLNGPSSISISSP------------ 
 
BjSRKKK   395 SSSTKSSKE---------------------DVAKVEKAPPVQNLSSRPIHSFTHMRSPSW 
AAG52069  434 RSSTKSSGERNQSGGGGDLIVHPNISREDVKNQKKVEKAPFQNLSSRPIHSFTHMRSPSW 
AAM20643  410 RSRTKGSREENQSAGGGDLMIPN------IREAVGSQKAPVQHLSSKPTHSFTHARSPSW 
AAL77650  395 RSGMVANFFTGNQEENSDR-----------CAVEKHQTERFEHDFGKLMHSQQISGENMP 
AtEDR1    378 SLDRRTEAERTDS-----------------SYPKVGPLRNIDYSSPSSVTSSTQLENNSS 




BjSRKKK   434 TEGVSSPAARRMKVKDVSQYMIDAAKENPRLAQKLHDVLLESGVVAPPNLFSEVYPQQLD 
AAG52069  494 TEGVSSPAAQRMKVKDVSQYMIDAAKENPRLAQKLHDVLLESGVVAPPNLFSEVYPQQLE 
AAM20643  464 TEGVSSPAGRRMKVKDVSQYMIDAAKENPQLAQKLHDVLLESGVVAPRNLFSEVYSESME 
AAL77650  444 PFSGKPTCAQKVKVKNVSKYVISAAK-NPEFAQKLHAVLLESGASPPPDLFMDINPHNLR 
AtEDR1    421 TAIGKGSRGAIIECSRTNMNIVPYNQNSEEDPKNLFADLNPFQNKGADKLYMPTKSGLNN 
AtCTR1    459 LNLVFDPASDDMGFSMFHRQYDNPGGENDALAENGGGSLPPSANMPPQNMMRASNQIEAA 
 
BjSRKKK   494 ATVEIKNLTEAKKEK----ETAQQGRHQNDLGPVRFLPPLPRLHSKADTHDQQHDHG--- 
AAG52069  554 ATVESKNSTEAKKERGKDLETTQEGRHQNGFGPVRFLPPLPRVQSKTNAHDQRDNG---- 
AAM20643  524 ATGEIKSVAESNDEKGKDFGTIQQGRNQSNLGPVRFLPPLPRPQSKAITHDLREHSGSGL 
AAL77650  503 G---------KN--L------LQELRQESSNSMVSGIPCYPEKVAEQLRESERNPT---- 
AtEDR1    481 VDDFHQQ--KNNPLVGRSPAPMMWKNYSCNEAPKRKENSYIENLLPKLHRDPRYGN---- 
AtCTR1    519 P---------------------------MNAPPIS--QPVPNR-AN------RELGLDG- 
 
BjSRKKK   547 ------KVVSQSDSSHSEASSTEYARTVPAAVAAAAVVASSMVAAAAAKTANTESSTLEL 
AAG52069  610 ------KVVSQSDSSHSEASSTEYARTVPAAVAAAAVVASSMVAAAAAKSANSDSSPIEL 
AAM20643  584 GHLSEHCNIDGHSDSSHSETSTDYPRNVPVAVAAAAVVASSMVVAAAKSANS--DSS--T 
AAL77650  542 -------------------------------------AESYQQSVEVDLSMK-------- 
AtEDR1    535 -----TQSSYATSSSNGAISSNVHGRDNVTFVSPVAVPSSFTSTENQFRPSIVEDMNRNT 
AtCTR1    542 ------------------------------------------------------------ 
 
BjSRKKK   601 PAAAAATATAAAVVATAAAVSRHLELGSNSDGDAGSGGHEPQGSGDSPHGPNSGGDRVSD 
AAG52069  664 PAAAAATATAAAVVATAAAVSRQLELGSNSDGDDGSGGHEPQGSGDSNHGPNSGGERISD 
AAM20643  640 --LELSAAAAAAVMATAAAVSRQFELDSLSNGDAGSG---------GLHGVDSGGERISD 
AAL77650  557 ---------------------RNFDLDNTGKASSSEN-------------MEVGTADGES 
AtEDR1    590 NNELDLQPHTAAVVHGQQNDESHIHDHRKYTSDDISTG----------CDPRLKDHESTS 
AtCTR1    542 ------------------------------------------------------------ 
 
                                                      I          II 
BjSRKKK   661 RSTGDESSKSDG---TLDDVSDCEILWEEITLGERIGLGSYGEVYRGDWHGTEVAAKKFL 
AAG52069  724 KSIGNESSKSD-----CDDVSDCEILWEEITVGERIGLGSYGEVYRGDWHGTEVAVKKFL 
AAM20643  689 RSIGNESSKSDA---AIDDVAECEILWEEITVAERIGLGSYGEVYRGDWHGTAVAVKKFI 
AAL77650  583 AVCDSHDQGINP---LLGEAAKWEIMWEDLQIGERIGIGSYGEVYRAEWNGTEVAVKKFL 
AtEDR1    640 SSLDSTSYRNDPQVLDDADVGECEIPWNDLVIAERIGLGSYGEVYHADWHGTEVAVKKFL 
AtCTR1    542 --------------------DDMDIPWCDLNIKEKIGAGSFGTVHRAEWHGSDVAVKILM 
                                                  * *    *            * 
                       III        IV                         V 
BjSRKKK   718 DQDLTGEALEEFRSEVQIMKKLRHPNIVLFMGAVTRPPNLSIITEFLPRGSLYRLIHRP- 
AAG52069  779 DQDLTGEALEEFRSEVRIMKKLRHPNIVLFMGAVTRPPNLSIVTEFLPRGSLYRLIHRP- 
AAM20643  746 DQDITGEALEEFRSEVRMMRRLRHPNIVLFMGAVTRPPNLSIVTEFLPRGSLYRLIHRP- 
AAL77650  640 DQDFSGDALTQFKSEIEIMLRLRHPNVVLFMGAVTRPPNFSILTEFLPRGSLYRLLHRP- 
AtEDR1    700 DQDFSGAALAEFRSEVRIMRRLRHPNVVFFLGAVTRPPNLSIVTEFLPRGSLYRILHRP- 
AtCTR1    582 EQDFHAERVNEFLREVAIMKRLRHPNIVLFMGAVTQPPNLSIVTEYLSRGSLYRLLHKSG 
                            * 
                            VIa                  VIb              VII 
BjSRKKK   777 -NNQLDERRRLRMALDAARGMNYLHSCSPMIVHRDLKSPNLLVDKNWVVKVCDFGLSRMK 
AAG52069  838 -NNQLDERRRLRMALDAARGMNYLHSCNPMIVHRDLKSPNLLVDKNWVVKVCDFGLSRMK 
AAM20643  805 -NNQLDERKRLRMALDAARGMNYLHSCNPVIVHRDLKSPNLLVDKNWVVKVCDFGLSRMK 
AAL77650  699 -NHQLDEKRRMRMALDVAKGMNYLHTSHPTVVHRDLKSPNLLVDKNWVVKVCDFGLSRMK 
AtEDR1    759 -KSHIDERRRIKMALDVAMGMNCLHTSTPTIVHRDLKTPNLLVDNNWNVKVGDFGLSRLK 
AtCTR1    642 AREQLDERRRLSMAYDVAKGMNYLHNRNPPIVHRDLKSPNLLVDKKYTVKVCDFGLSRLK 
                                                * *  *            * * 
                               VIII           IX 
BjSRKKK   836 NSTYLSSKSTAGTAEWMAPEVLRNEPADEKCDVYSYGVILWELFTLQQPWGRMNAMQVVG 
AAG52069  897 HSTYLSSKSTAGTAEWMAPEVLRNEPADEKCDVYSYGVILWELFTLQQPWGKMNPMQVVG 
AAM20643  864 VSTYLSSKSTAGTAEWMAPEVLRNEPADKKCDVYSYGVILWELFTLQQPWGKMNPMQVVG 
AAL77650  758 HHTYLSSKSTAGTPEWMAPEVLRNEPANEKCDVYSFGVILWELATSRVPWKGLNPMQVVG 
AtEDR1    818 HNTFLSSKSTAGTPEWMAPEVLRNEPSNEKCDVYSFGVILWELATLRLPWRGMNPMQVVG 
AtCTR1    702 ASTFLSSKSAAGTPEWMAPEVLRDEPSNEKSDVYSFGVILWELATLQQPWGNLNPAQVVA 
                                **           *    * 
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              X                             XI 
BjSRKKK   896 AVGFQHRRLDIPDFVDPAIAELISKCWQTDSKLRPSFAEIMVTLKKLQRPATGSNIPRPV 
AAG52069  957 AVGFQHRRLDIPDFVDPAIADLISKCWQTDSKLRPSFAEIMASLKRLQKPVTGSNIPRPV 
AAM20643  924 AVGFQHRRLDIPEFVDPGIADIIRKCWQTDPRLRPSFGEIMDSLKQLQKPIQRAAVP--S 
AAL77650  818 AVGFQNRRLEIPDDIDLTVAQIIRECWQTEPHLRPSFTQLMQSLKRLQGLNISNRAN--T 
AtEDR1    878 AVGFQNRRLEIPKELDPVVGRIILECWQTDPNLRPSFAQLTEVLKPLNRLVLPTPQ---- 
AtCTR1    762 AVGFKCKRLEIPRNLNPQVAAIIEGCWTNEPWKRPSFATIMDLLRPLIKSAVPPPNRSDL 
                                               * 
 
BjSRKKK   956 PSSSSLSTEQEQKDC 
AAG52069 1017 PSSSSLPTEHEQKD- 
AAM20643  982 --SSALTTDEQEQ-- 
AAL77650  876 SESLM---------- 
AtEDR1        --------------- 





 Figure 35. Alignment of BjSRKKK with Raf-like MAPKKKs in Arabidopsis. 
Residues that are identical in at least three out of six proteins are boxed in black, 
while residues in grey boxes indicate conservative substitutions. The 11 subdomains 
(from I to XI) are indicated above the sequences. Residues that are highly conserved 
in protein kinases are indicated as asterisks. The two conserved regions in the 
regulatory domain are indicated as “#”. 
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although the sequence homology was lower, with several gaps and insertions, there 
were several motifs of highly conserved sequences, especially at the two regions of aa 
288-297 and 330-338 (Figure 35). This sequence characteristic suggests a pivotal role 
of these two conserved regions in the polypeptides. 
The evolutionary relationship between SRKKK and several MAPKKKs from 
other plant species was also analyzed using the ClustalW program. The phylogenetic 
tree is presented in Figure 36. SRKKK was closest to an Arabidopsis ortholog 
(Accession No.: AAG52069). Their relationship was even closer than that between 
AAG52069 and other Arabidopsis MAPKKKs. The analysis also revealed that 
SRKKK, AAG52069, CTR1-like genes (CAB79358, LeTCTR1, RhCTR-L, AtCTR1), 
EDR1-like genes (OsEDR1, HvEDR1, LeTCTR2, AtEDR1), as well as other genes 
such as AAK83572, AAL77650 and AAM20643, formed a distinct group and 
displayed a relative distant relationship with other MAPKKKs, such as AtANP1 and 
AtMEKK1 (Figure 36).  
 
7.2.3 Expression of SRKKK during shoot regeneration  
Although the SRKKK transcript accumulated higher in N6 than A6 tissues (see 
Section 4), it was not clear whether expression was varied temporally during culture. 
To address this question, a time course study of SRKKK expression was carried out by 
culturing leaf discs on SIM (A3, A6, A9 and A12) and CM (N3, N6, N9 and N12) 
during a 12-day culture period. Because SRKKK transcript in all cultured tissues was 
low and barely detectable, RT-PCR was used (Figure 37). It was found that the level of 
SRKKK transcript in tissues generally decreased from 3 to 12 days of culture compared 
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 Figure 36.    Phylogenetic tree of MAPKKKs from mustard (BjSRKKK)
and other plant species. Accession no.: OsEDR1, AAG31141 (rice); HvEDR1,
AAG31142 (barley); LeTCTR2, CAA06334 (tomato); AtEDR1, AAG31143
(Arabidopsis); LeTCTR1, AAD46406 (tomato); RhCTR-L, AAK40361 (rose);
AtCTR1, CAB82938 (Arabidopsis); AtMEKK1, BAA09057 (Arabidopsis);







 Figure 37. RT-PCR analysis of SRKKK expression in mustard explants grown 
on SIM and CM during 12 days of culture. Total RNA was isolated from 
freshly prepared explants (C) and those cultured for 3 (D3), 6 (D6), 9 (D9) and 12 
(D12) days on SIM (A) or CM (N) or for 6 days on CM containing 10 µM AVG 
(AVG). Actin was used as an internal control.    160
(Figure 37). Tissues grown in the presence of AVG also showed a similar decrease as 
those cultured on SIM. 
 
7.2.4 SRKKK expression in different organs  
To investigate whether the expression of SRKKK in mustard was spatially 
regulated, total RNA isolated from various mustard organs (young leaves, old leaves, 
stem and roots) was analyzed using RT-PCR. Results showed that the amplified 
products were lower in roots, but higher in the aerial plant part, including young 
leaves, old leaves and stem (Figure 38). 
 
7.2.5 SRKKK expression in response to treatments 
As a kinase, SRKKK may be involved in the signal transduction pathway in 
response to external stimuli. To investigate this possibility, mustard leaves were treated 
for 4 h with various hormones/chemicals. RT-PCR analysis revealed that water alone 
could induce SRKKK expression, while most hormone/chemical treatments had no 
effect (Figure 39A). MJ was shown to upregulate SRKKK expression, whereas GSH 
was inhibitory.  
The effect of incubation duration on detached leaves in response to water, 
ACC, MJ and GSH was also investigated. It was found that the level of SRKKK 
transcript varied with time of incubation. The expression pattern in leaves incubated 
with exogenous ACC and water was similar. In general, there was no change in the 
transcript level after 1 h of incubation but the level increased considerably after 2-6 h 
(Figure 39B). It was noted that the increment magnitude in ACC-treated leaves was 
higher than that incubated in water, especially after 6 h of incubation. A similar 







Figure 38. Expression of SRKKK gene in different mustard organs. Total RNA 
isolated from young leaves (YL), old leaves (OL), stem (ST) and root (RO) was 




 Figure 39. Expression of SRKKK in response to various treatments. RT-PCR 
analysis of total RNA isolated from untreated mustard leaves (C, control) or leaves 
incubated for 6 h in water, 0.5 mM ACC (1-aminocyclopropane-1-carboxylate); 
0.5 mM ABA (abscisic acid); 0.2 mM 2,4-D (2,4-dichlorophenoxyacetic acid); 0.2 
mM SA (salicylic acid); 0.1 mM MJ (methyl jasmonate); 0.1 mM GA (gibberelic 
acid); 200 mM NaCl; 20 mM Spd (spermidine); 5 mM GSH (glutathione) (A), and 
leaves incubated with water, 0.5 mM ACC, 0.1 mM MJ and 5 mM GSH for 
different periods of time (B). Actin was served as an internal control. 163
transcript increase was observed after 1 h of incubation and the level reached the 
maximum after 2 h but decreased gradually thereafter. In contrast, the level of 
transcript in leaves treated with GSH decreased with time of incubation (Figure 39B). 
 
7.2.6 Generation of transgenic plants expressing sense SRKKK  
In order to investigate the role of SRKKK, we took advantage of the transgenic 
and T-DNA insertion techniques. The chimeric sense SRKKK gene under the control of 
CaMV 35S promoter was constructed by replacing the GUS coding sequence in the 
binary vector pBI121 by the SRKKK cDNA, including the start and stop codons, in a 
sense orientation. This construct was designated as SRKKK-S (Figure 40A). After the 
chimeric gene was confirmed by sequencing, SRKKK-S was mobilized into A. 
tumefaciens LBA4404 using triparental mating. 
The above Agrobacterium strain was employed in Arabidopsis transformation 
using the floral dip method (Clough and Bent, 1998). A total of 10 putative 
transformants were selected and analyzed by PCR using the 35S promoter and SRKKK 
specific primers. Nine putative transformants displaying an expected 3389-bp 
amplified DNA fragment (Figure 40B) were selected. These plants were further 
verified by northern analysis. Results showed that no transcript was detected in non-
transformed control plant but a 3-kb transcript was detected in all transgenic plants 
(Figure 40C). However, the transcript level varied with plants. The highest level of 
transcript was obtained in S1, S4 and S10, while intermediate in S2, S3, S5 and S7, 
and low in S6 and S9 (Figure 40C). Smear was also observed in all lanes, indicating 
RNA degradation. This might not be due to poor quality of the total RNA because both 
rRNA staining and re-probing with SAMDC1 cDNA showed minimal degradation. 
























 Figure 40. Analysis of transgenic plants expressing a 35S-SRKKK chimeric gene. 
(A) Schematic diagram of SRKKK sense construct. The full-length SRKKK gene is 
ligated into pBI121 under the control of 35S promoter. NOS-P, nopaline synthase 
promoter; NOS-T, nopaline synthase terminator; NPT II (Kanr), neomycin 
phosphotransferase II (kanamycin resistance); 35S-P, CaMV 35S promoter; GUS, β-
glucuronidase; RB, right border; LB, left border. (B) PCR analysis of individual 
transgenic Arabidopsis plants expressing SRKKK transgene (S1-S10). WT, non-
transformed control. (C) Northern analysis of plants expressing SRKKK transgene. 
Total RNA isolated from individual transformants was hybridized with SRKKK probe. 
The membrane was deprobed, and reprobed using SAMDC1 cDNA as a control. 
rRNA represents ribosomal RNA stained with methylene blue. 
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 7.2.7 Selection of Arabidopsis AtSRKKK mutants  
By searching the website of the Salk Institute Genomic Analysis Laboratory 
(SIGnAL) (http://signal.salk.edu/cgi-bin/tdnaexpress), three T-DNA insertion mutants, 
designated as srkkk1, srkkk2 and srkkk3, were obtained. The exact insertion sites of 
srkkk1and srkkk2 were determined by sequencing analysis of the insertion junction. It 
was found that the actual insertion point of srkkk2 was located at the 4th exon, 163 bp 
upstream of the insertion site provide by SIGnAL, while the insertion for srkkk1 was 
located in the last exon, which is consistent with the data from SIGnAL (Figure 41A). 
However, the exact insertion site of srkkk3 was not determined in this study.  
To select for homozygotes of srkkk2 mutant plants, two sets of primers were 
used for PCR amplification of genomic DNA from individual plants. One 
amplification (Pri1) employed a set of primers comprising a T-DNA left border primer 
(LB-P1, 5’-GACCGCTTGCTGCAACTCTCTCAG–3’) and a gene specific primer 
(SRKKK-P1, 5’-GGCCGGTGGATTAACCTATACAAGC–3’). The other 
amplification (Pri2) used the two gene specific primers, SRKKK-P1 and SRKKK-P2 
(5’- CGAAGTCTATCCCCAGCAATTGGAG –3’), which spanned the T-DNA 
insertion site. Because there was no T-DNA present in the WT plant, no amplified 
product was expected to be observed in Pri1, but a 1428-bp amplified product could be 
detected in Pri2. The homozygous plant was expected to yield a 1462-bp band in Pri1, 
while no amplified product would be expected in Pri2. For heterozygous plants that 
possessed both WT and T-DNA mutagenesis genomes, the detection of 1462 and 
1428-bp DNA fragments was expected in Pri1 and Pri2, respectively. The differential 


















Figure 41. Arabidopsis mutant plants carrying T-DNA insertions within the 
AtSRKKK gene. (A) A schematic diagram showing the exon-intron structure of 
AtSRKKK that is identical to its mustard counterpart. The insertion sites of three 
T-DNA mutants, srkkk1, srkkk2 and srkkk3, were marked. (B) Separation of 
PCR (Pri1 and Pri2) amplified products of wild type (WT), heterozygous (HZ) 
and homozygous  (HM) srkkk2 mutant plants by gel electrophoresis. M, 1 kb 
DNA marker.  
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 in Figure 41B. After the homozygous plants were identified, they were grown to 
maturity and seeds were collected for further study. 
 
7.2.8 Expression of PDF1.2, AtVSP and AtGSTF2 in SRKKK overexpressor and 
mutant 
Because SRKKK expression was upregulated by MJ but downregulated by GSH 
(see Section 6.2.5), it was speculated that SRKKK might function in the MJ- or GSH-
related signaling pathway. To investigate this possibility, two MJ-regulated genes, 
PDF1.2 and AtVSP, and one GSH-related gene, AtGSTF2, were selected for expression 
study in WT, transgenic plants overexpressing SRKKK gene (S4 and S10) and 
homozygous srkkk2 mutant. Total RNA isolated from leaves and roots was hybridized 
with PDF1.2, AtVSP and AtGSTF2 probes and results are presented in Figure 42. The 
expression of PDF1.2 was higher in leaves than roots of all plants. It is intriguing that 
both SRKKK overexpressor and srkkk2 mutant showed decreased transcript 
accumulation in leaves compared to WT plants. In roots, the level of PDF1.2 transcript 
was comparable in all plants. The expression pattern of AtVSP in leaves and roots was 
similar to that of PDF1.2 except that the transcript level in leaves of srkkk2 mutant was 
lower than that in S4 and S10. On the contrary, the AtGSTF2 expression differed. In 
general, the level of AtGSTF2 transcript was low in leaves of all plants, whereas 
transcript was more abundant in roots. However, the transcript in roots varied with 
plants, among which S4 and S10 displayed considerably lower level than WT and 
srkkk2. The level of AtGSTF2 transcript in WT and srkkk2 was comparable, indicating 




 Figure 42. Expression of PDF1.2, AtVSP and AtGSTF2 genes in SRKKK
overexpresser and mutant. Total RNA isolated from leaves and roots of 
transgenic plants expressing sense SRKKK gene (S4 and S10), homozygous 
srkkk2 mutant (srkkk2) and wild type (WT) plants was probed with PDF1.2, 
AtVSP and AtGSTF2 cDNAs, respectively. rRNA represents ribosomal RNA 
stained with methylene blue. 169
 7.2.9 Effects of high concentrations of hormone/chemical treatments on root 
growth of SRKKK overexpressor and mutant  
Several hormones/chemicals, when applied at high concentrations, were shown 
to inhibit root elongation of Arabidopsis seedlings (Inoue et al., 2001; Tiryaki and 
Staswick, 2002). To investigate whether the effects of hormones/chemicals on root 
growth was associated with SRKKK, WT, S4 and srkkk2 seedlings grown in the 
presence of various hormones/chemicals was evaluated. These chemicals included 1 
µM ACC, 100 ng/ml BA, 0.2 mM BSO, 0.5 mM BSO, 0.5 mM GSH, 300 ng/ml IAA, 
1 µM MJ and 5 µM MJ. All chemicals decreased root growth of the WT plant but the 
effect was differential. Root growth decreased most drastically in the presence of IAA 
(19% of control) and BA (24.6% of control), with moderate decrease in ACC, MJ, 
GSH and BSO at a higher concentration (0.5 mM). Growth was least affected by lower 
concentration of BSO (0.2 mM) (Table 6). Similar decrease in root growth was also 
observed in S4 and srkkk2 plants in the presence of chemicals. The inhibition was 
generally comparable to WT except for plants treated with GSH and BSO, an inhibitor 
of GSH biosynthesis. S4 appeared to be less sensitive to GSH, whereas srkkk2 was 
more sensitive compared to WT. In contrast, S4 was more sensitive than WT to 0.5 
mM BSO, although lower concentration of BSO (0.2 mM) exerted comparable effect 








Table 6. Relative root length (%) of SRKKK-S4, WT and srkkk2 plants in 
response to various plant hormones and chemicals. 
 
Treatment* WT S4 srkkk2 
ACC (1 µM) 42.8 **  38.2   37.5   
BA (100 µg/l) 24.6   22 .0  27.2   
BSO (0.2 mM) 93 .0  82.7   88.9   
BSO (0.5 mM) 76.7   41.4   74.1    
GSH (0.5 mM) 57.1   76.5   46.9   
IAA (300 µg/l) 19.0   23.2   21.7   
MJ (1 µM) 50 .0  52.9   51.2   
MJ (5 µM) 42.9   41.2   38.5   
 
* Chemicals were incorporated into the hormone-free MS medium, where Arabidopsis 
seedlings were grown.  
**Root length of 9-day-old seedlings was measured and expressed relative to control 
seedlings grown on MS medium in the absence of chemicals. Each value represents 
mean of 12 individual seedlings. ACC, 1-aminocyclopropane-1-carboxylate; BA, 
benzyladenine; BSO, L-buthionine-(S,R)-sulfoximine; GSH, glutathione; IAA, indole-
3-acetic acid; MJ, methyl jasmonate. 
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7.3 Discussion  
7.3.1 SRKKK encodes a putative Raf-related kinase protein 
This study reports the isolation of a 3146-bp mustard cDNA, SRKKK, encoding 
a 970 aa polypeptide, which is highly homologous to the two Raf-related MAPKKKs, 
CTR1 and EDR1, especially at the kinase domain. They share not only all the 11 
subdomains of the catalytic domain in Ser/Thr protein kinases (Hanks and Quinn, 
1991) but also the signature patterns within the kinase domain. SRKKK also possesses 
a higher distribution of hydrophilic than hydrophobic residues and lacks hydrophobic 
residues at the N-terminus, indicating that it may encode a cytosolic enzyme. Similar 
sequence characteristics have also been reported in CTR1. It has been speculated that 
CTR1 receives signal from the membrane-localized receptor, ETR1, and transduces 
the signal to the downstream components, most possibly MAPKKs and MAPKs 
(Wang et al., 2002; Ouaked et al., 2003). The Arabidopsis sequence (AAG52069) in 
the Genbank database displays the highest homology to SRKKK, but the gene product 
and its function are not clear.   
Despite the extensive homology in the kinase domain, the similarity in the N-
terminal domain of SRKKK to that of CTR1 or EDR1 is relatively low, although some 
unique motifs are present in this region, such as the Ala-rich region present in both 
SRKKK and AAG52069. It is believed that the N-terminal portion of the Raf-like 
MAPKKKs is the regulatory domain that receives the signal from the upstream 
components and regulates the activity of the kinase domain (Huang et al., 2003). The 
lack of homology in this portion may reflect distinct upstream signal resulting from 
diverse external stimuli and the different regulatory mechanisms of these enzymes. 
This notion is in line with the findings showing that there are 80 different MAPKKK 
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members present in the Arabidopsis genome, but only 10 downstream MAPKKs are 
found in this species (Jonak et al., 2002).  
In fact, the binding of the regulatory domain to other factors has been found in 
both Raf and CTR1. A model for the Raf action proposed that the N-terminal half of 
Raf acts as a negative regulator of the C-terminal kinase activity, the binding of Ras 
results in the relief of this autoinhibition and activation of Raf (Marshall, 1995; Huang 
et al., 2003). Both the yeast two-hybrid and in vitro protein association assays 
demonstrated that the N-terminal domain of CTR1 could interact specifically with the 
predicted histidine kinase domain of ETR1 and ERS (Clark et al., 1998). Furthermore, 
Huang et al. (2003) reported that CTR1 was capable of interacting with ETR1 in vivo 
and this association was required to turn off the ethylene signaling pathway. A total of 
eleven histidine kinases are present in the Arabidopsis genome (The Arabidopsis 
Genome Initiative, 2000), but whether SRKKK is localized downstream of one of 
these histidine kinases remains to be elucidated.  
Apart from the Raf-like MAPKKKs, two other MAPKKKs have also been 
characterized in plants. The ATMEKK1 has been shown to play a role in mediating 
touch/cold/drought signal transduction (Mizoguchi et al., 1996), while the ANP family 
of MAPKKKs functions as a positive regulator for cytokinesis and a negative regulator 
for stress responses. In addition, ANPs and its tobacco counterpart, NPK1, function in 
the oxidative stress signaling and negatively regulate auxin responses (Nishihama et 
al., 1997; Kovtun et al., 1998; Kovtun et al., 2000; Nishihama et al., 2001; Krysan et 
al., 2002). 
 
7.3.2 Spatial and temporal expression of SRKKK 
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RT-PCR analysis showed that the level of SRKKK mRNA is relatively low in 
root compared to the aerial plant part, suggesting that SRKKK expression in mustard 
may be spatially regulated. The expression level of SRKKK was also downregulated 
during the shoot regeneration in vitro. This result is unexpected because the activity of 
MAPKKKs is regulated posttranscriptionally, and the expression of CTR1, which 
initiates the MAPK pathway in ethylene signal transduction, is not affected by ethylene 
(Kieber et al., 1993). However, the studies on tomato and rose counterparts of CTR1, 
LeCTR1 and RhCTR1, showed that both were induced by exogenous ethylene 
(Leclercq et al., 2002; Muller et al., 2002). This disparity suggests that the regulation 
of CTR1 as well as other MAPKKKs may be more complex than anticipated.   
 
7.3.3 Correlation with jasmonate (JA) 
Jasmonic acid and its cyclopentanous derivatives, which are collectively 
referred to as jasmonates (JAs), are a novel class of plant hormones that are widely 
distributed in most organs of the plants, with high levels found in young tissues, 
flowers and pericarp tissues of developing reproductive structures (Xu et al., 2001). 
JAs are synthesized from the 18-carbon fatty acid linolenic acid (18:3) and are 
involved in the regulation of various plant developmental processes, including root 
growth, pollen formation, tuberization, leaf senescence and fruit ripening, and stress 
responses such as wounding, insect attack and pathogen infection (He et al., 2002; 
Liechti and Farmer, 2002; Turner et al., 2002). Expression of several genes is also 
associated with JAs. These genes include Arabidopsis vegetative storage protein 
(AtVSP) and plant defense-related proteins thionin (Thi2.1) and defensin (PDF1.2), 
which are usually employed as markers for JA-related responses (Xu et al., 2001).  
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Evidence from previous studies indicates that JA signaling is associated with 
protein kinases. In Arabidopsis, mutation of MPK4 (MAP kinase 4) resulted in 
elevated SA content and constitutive systemic acquired resistance (SAR) (Petersen et 
al., 2000). The mutant phenotype of mpk4 could be reversed by expression of nahG 
transgene encoding salicylic acid hydroxylase, which reduced the SA level. These 
transgenic plants also failed to express JA-induced genes PDF1.2 and Thi2.1 after 
treatment with JA. These results suggest that in addition to suppressing SA 
biosynthesis, the MPK4 cascade may also be needed for JA response, leading to the 
expression of PDF1.2 and Thi2.1 (Petersen et al., 2000). The role of MAPK in JA has 
been supported by downregulation and overexpression of WIPK, a MAPK, in tobacco 
(Seo et al., 1995; Seo et al., 1999). It has been reported that jasmonic acid and its 
methyl ester (MJ) accumulated in wounded wild type tobacco plants, but did not 
accumulate in wounded transgenic plants, in which expression of WIPK is genetically 
suppressed. In contrast, transgenic plants overexpressing WIPK are capable of 
accumulating JA. There has been increasing evidence showing that the JA pathway 
may interact with ethylene and SA pathways in a variety of responses, notably in their 
regulation of responses to pathogen attack (Turner et al., 2002; Wang et al., 2002). In 
view of the high sequence similarity of SRKKK to CTR1, a negative component of 
ethylene signaling pathway (Kieber et al., 1993), and EDR1, a possible negative 
component of SA-inducible defense signaling pathway (Frye et al., 2001), SRKKK 
may also play a similar role in this signaling network.  
 In this study, the expression of SRKKK is upregulated in response to MJ. The 
two JA-responsive genes, PDF1.2 and AtVSP, also express differentially in WT and 
transgenic/mutant plants with altered SRKKK activity. However, downregulation of 
PDF1.2 and AtVSP expression in both transgenic plants overexpressing SRKKK cDNA 
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and srkkk2 mutant is intriguing. Similar contradictory results have also been reported 
in a previous study, where both overexpression and RNAi-based suppression of the 
SA-induced protein kinase (SIPK) rendered the plant sensitive to oxidative stress 
(Samuel and Ellis, 2002).  It is possible that SRKKK may play a role in the JA-related 
signaling pathway, but further study of this gene, especially mutant analysis, is needed 
to clarify this point.  
 
7.3.4 Correlation with GSH 
GSH is the tripeptide γ-Glu-Cys-Gly, which is the major source of non-protein 
thiols in most plants (Noctor et al., 1998). It possesses crucial functions in cellular 
defense and protection. Firstly, reduced GSH is an antioxidant that reacts chemically 
with a range of ROS and participates in the detoxification of H2O2 through the 
ascorbate-glutathione cycle (Figure 2, Chapter 2). Secondly, it can protect plants 
against xenobiotics by conjugation to these electrophilic molecules catalyzed by GSTs. 
Thirdly, it acts as the precursor of phytochelatins, which chelate heavy metals, 
facilitating their sequestration in the vacuole (Foyer et al., 2001).  
The GSH/GSSG couple is well suited to the role of redox sensor and has 
profound effects on the signal transduction mediating gene expression and 
physiological responses (reviewed by Noctor et al., 2002). In animal cells, redox 
regulation of the transcription factor NFκB involves GSH (Suthanthiran et al., 1990). 
Exogenous application of GSH can elicit changes in the transcription of SOD and GR 
genes in tobacco and pine (Hérouart et al., 1993; Wingsle and Karpinski, 1996). GSH-
inducible hypersensitive elements have been identified in the chalcone synthase 
promoter (Noctor et al., 2002). There is also evidence that GSH is involved in 
regulation of cell division (May et al., 1998). GSH is necessary for the cell to enter the 
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G1 phase, the pre-mitotic phase of the cell cycle in which the cell is capable of 
responding to extracellular stimuli that determine whether it will enter the S phase, or 
enter quiescence, differentiation or death. It has also been shown that G1-to-S phase 
transition requires an adequate level of GSH, and GSH-dependent developmental 
pathway is essential for initiation and maintenance of cell division during 
postembryonic root development (Vernoux et al., 2000). 
The depletion of intracellular GSH either by mutation of the gene encoding the 
first enzyme of GSH biosynthesis, γ-ECS, or by application of L-buthionine-(S,R)-
sulfoximine (BSO), a nontoxic and specific inhibitor of γ-ECS, results in the inhibition 
of root growth of Arabidopsis seedlings after germination (Vernoux et al., 2000). In 
this study, exogenous application of GSH has been shown to downregulate SRKKK 
expression, indicating that GSH may play a role in SRKKK expression. To investigate 
the possible role of SRKKK in GSH action, root elongation analysis was carried out in 
the presence of BSO. While srkkk2 mutant responds similarly to WT plant, 
overexpression of SRKKK (S4) renders the plant more prone to root inhibition in 
response to BSO. High concentration of GSH has also been shown to be inhibitory to 
root elongation in this study although the mechanism is not clear. However, the 
inhibition is alleviated in S4 but aggravated in srkkk2. These results suggest that 
SRKKK may play a role in the mediation of GSH-regulated root growth, perhaps 
through the GSH/GSSG signaling pathway. 
AtGSTF2 encodes an enzyme that utilizes GSH as a substrate (Section 5). The 
expression profile of this gene was also studied in WT, SRKKK overexpression and 
mutant plants. Results showed that its expression was significantly lower in roots of 
SRKKK overexpression plants compared to WT plants. But the expression in leaves is 
comparable in all plants. This result provides further evidence for the involvement of 
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SRKKK in GSH-related response. However, it is not clear as to why AtGSTF2 
expression is differentially regulated in roots and leaves.  
Exogenous application of high concentrations of plant hormones, such as 
ethylene, cytokinin, JA and auxin, has also been shown to inhibit root elongation of 
Arabidopsis seedlings (Inoue et al., 2001; Tiryaki and Staswick, 2002). The disruption 
of a specific hormone signaling pathway can result in the alteration of root elongation 
inhibition in response to that hormone. For example, mutation of ETR1, the ethylene 
receptor gene, or EIN2, a transcription factor in ethylene signaling pathway, renders 
ethylene/ACC treatment less effective in root elongation inhibition analysis (Bleecker 
et al., 1988; Inoue et al., 2001). Similarly, cre1, col1 and axr1 mutants, which are 
defective in cytokinin perception (Inoue et al., 2001), JA response (Xu et al., 2002) and 
auxin action (Lincoln et al., 1990), are also resistant to BA, MJ and 2,4-D treatment, 
respectively. To investigate whether the alteration of SRKKK activity is correlated 
with the interruption of the above signaling pathways, root elongation analysis of WT, 
SRKKK overexpression and mutant plants in response to various hormones was 
conducted. Results revealed no significant difference in root elongation inhibition 
response of different plants, indicating that SRKKK may not be involved in the 
inhibition response mediated by these hormones.  
 
 
8 GENERAL DISCUSSION AND CONCLUSION 
The process of morphogenesis in vitro is very complex. Over the last several 
decades, major efforts have been devoted to understand the mechanism whereby 
cultured cells are induced to undergo differentiation and subsequent plant 
regeneration. Although knowledge regarding the physiological aspects of shoot 
organogenesis (Joy IV and Thorpe, 1999) and somatic embryogenesis (Nomura and 
Komamine, 1999) has been well documented, not much is known of the genetic and 
molecular basis of plant morphogenesis. Results of some earlier works indicated that 
the morphogenic capacity was controlled genetically (Reich and Bingham, 1980; 
Tomes and Smith, 1985; Nadolska-Orczyk and Malepszy, 1989; Dulieu, 1991). This 
has been supported by the evidence from several recent studies on genetic analysis 
and characterization of Arabidopsis mutants (Kakimoto, 1996; Kubo and Kakimoto, 
2000; Inoue et al., 2001; Takada et al., 2001; Cary et al., 2001; Catterou et al., 2002; 
Daimon et al., 2003). However, the regulatory mechanism of plant morphogenesis in 
vitro at the molecular level remains to be elucidated.  
We previously showed that shoot regeneration of mustard and several other 
Brassica members could be greatly enhanced by inhibition of ethylene action using 
the ethylene inhibitor AgNO3 (Chi et al., 1990; Pua and Chi, 1993) and ethylene 
production through downregulation of ACC oxidase expression (Pua and Lee, 1995). 
As part of our long-term interest to understand the molecular basis of shoot 
morphogenesis in vitro, cultured tissues with different shoot regeneration capacity 
grown in the presence (SIM) or absence (CM) of AgNO3 are used in this study for 
isolation of genes associated with shoot regeneration using mRNA differential 
display. This has resulted in the isolation of 87 cDNAs that express differentially in 
highly or poorly regenerative tissues cultured on SIM or CM. Among these cDNAs, 
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56 are homologous to the known genes or ESTs in the Genbank database. 
Categorization of these cDNAs based on their putative functions shows that one third 
of these cDNAs is related to ethylene or stress responsiveness genes. In a global 
analysis of gene expression events during shoot regeneration from root explants of 
Arabidopsis, similar cDNAs encoding the stress-related enzymes such as peroxidase, 
GST and pectate lyase have also been isolated (Che et al., 2002). These findings 
imply that stress may be implicated in shoot regeneration, which is in agreement with 
the results of some studies showing that stress can stimulate morphogenesis in vitro. 
These include shoot formation from hypocotyl explants of flax in response to heat, 
salt and ABA (Mundhara and Rashid, 2001), and androgenesis in rye (Immonen and 
Anttila, 1999) and triticale (Immonen and Robison, 2000) in response to cold. 
Furthermore, increased somatic embryogenesis from callus in Lycium barbarum (Cui 
et al., 1999) and Astragalus adsurgens (Luo et al., 2001) has been associated with 
high levels of H2O2, while metabolic stress has resulted in promoted somatic 
embryogenesis from callus in cotton (Kumria et al., 2003). In Arabidopsis, osmotic, 
heavy metal ion and dehydration stresses have been shown to increase somatic 
embryogenesis from shoot-apical-tip and floral-bud explants (Ikeda-Iwai et al., 2003). 
However, it is not clear as to how stress induces the occurrence of morphogenic 
events.  
To investigate whether the cloned cDNAs related to stress in this study are 
associated with shoot regeneration, a cDNA BjGSTF2 homologous to GSTs was 
selected for detailed characterization. The main reason of choosing GST is because it 
has been shown to be involved in various stress responses in plants (Marrs, 1996; 
Edwards et al., 2000). GST expression can be influenced by various external stimuli, 
including H2O2 (Levine et al., 1994; Chen et al., 1996; Polidoros and Scandalios, 
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1999), auxin and ABA (van der Kop et al., 1996; Dixon et al., 1998), ethylene 
(Itzhaki and Woodson, 1993; Zhou and Goldsbrough, 1993), toxic chemicals such as 
aldehydes and related compounds (Fujita and Hossain, 2003) and SA and herbicide 
(Wagner et al., 2002). Another reason for studying GST is that several GST homologs 
have been implicated in plant morphogenesis in vitro (Vrinten et al., 1999; Kitamiya 
et al., 2000; Galland et al., 2001).  
Sequence analysis indicates that BjGSTF2 may encode the phi class GST in 
mustard. This gene expresses differentially in different mustard organs, where 
transcripts are most abundant in roots. This result is different from the expression 
pattern of an Arabidopsis homolog, ATGST1, whose transcript is low in root, stem 
and flower (Yang et al., 1999). This discrepancy may be attributed in part to the use 
of different GST members and plant species. Nevertheless, results of this study also 
show that the level of transcripts differs in mature and young developing leaves, 
where transcripts in the former are considerably higher than the latter. These results 
indicate that GST expression may be regulated spatially and temporally in mustard. 
GST expression is also affected by external stimuli in this study. While treatments of 
leaves with high temperature, HgCl2, paraquat, ACC, H2O2 and SA upregulate GST 
expression, the expression is downregulated by exogenous application of spermidine. 
These results are in agreement with the findings of previous studies showing that GST 
expression may be associated with stress. However, the regulatory mechanism of 
GST expression in response to stress is not well understood, although GSTs have 
been shown to play an important role in herbicide tolerance in plants (Marrs, 1996).  
The role of GSTs in plant stress has also been demonstrated in this study, 
where overexpression of GST has rendered the plants become more tolerant to 
paraquat and HgCl2. On the other hand, downregulation of GST expression using 
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double-stranded GST increases the sensitivity of the plants to these chemicals. In rice, 
overexpression of GST is also important to germination and growth rate of seedlings 
at low temperature grown under submergence (Takesawa et al., 2002). These results 
provide unequivocal evidence showing that GSTs are involved in the plant defense 
mechanism against stress.  
Plants under stress usually produce high levels of ethylene (Morgan and 
Drew, 1997). Evidence from this and previous studies (Zhou and Goldbrough, 1993) 
indicates that GST expression can be upregulated by exogenous application of 
ethylene. In tobacco, auxin-induced GST expression in callus has also been shown to 
be mediated through ethylene production (Csiszár et al., 2001). These findings have 
prompted the speculation that ethylene may play an important role in regulation of 
stress-induced GST expression. This is not surprising since the regulatory role of 
ethylene in the expression of plant genes has been well documented (Wang et al., 
2002). Apart from ethylene, stress also upregulates H2O2 production in plants (Inzé 
and van Montagu, 1995; Holmberg and Bülow, 1998). Results of this and other 
studies (Levine et al., 1994; Chen et al., 1996; Polidoros and Scandalios, 1999; 
Seppänen et al., 2000) show that GST expression is associated with H2O2. GST 
expression can be induced by exogenous application of H2O2 or treatments of tissues 
leading to H2O2 accumulation. For example, H2O2 accumulation may explain the 
promoting effect of SA on GST expression because SA has been known to inhibit the 
H2O2-degrading enzyme catalase. However, the regulatory role of H2O2 in maize 
appears to be dosage-dependent, as high concentrations increase GST expression but 
low concentrations are inhibitory (Polidoros and Scandalios, 1999). Although H2O2 
has been considered to act as secondary messenger in gene regulation, leading to 
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changes in plant responses, the mechanism whereby H2O2 upregulates GST 
expression is not clear.  
Results of functional analysis of the BjGSTF2 promoter in transgenic 
Arabidopsis show that the pattern of spatial and temporal expression of GUS gene 
conferred by BjGSTF2 promoter is similar to that of transcripts accumulation in 
mustard in northern analysis. Although the transgene is strongly expressed in roots its 
activity is barely detected in root tip and young leaf tissues, indicating that GST 
expression is suppressed in these tissues. A comparable pattern of transcripts 
accumulation and transgene expression has also been observed in leaf tissues in 
response to various external stimuli. These results suggest that GST expression during 
plant growth and development and in response to stress or external stimuli may be 
regulated transcriptionally at the cis-elements of the promoter. Transcriptional 
regulation of GST expression has also been reported in carnation, where the cis-
sequence of the promoter has been shown to confer ethylene-induced GST expression 
(Itzhaki and Woodson, 1993). It has been speculated that transcriptional regulation 
may be associated with the presence of ocs or ocs-like elements in the promoter, as 
these elements have been shown to be responsive to various external stimuli, leading 
to increased gene expression (Ulmasov et al., 1994; 1995; Marrs, 1996). However, 
these elements are not detected in the BjGSTF2 promoter, indicating that GST 
expression may also be regulated by ocs-independent mechanism.  
The 5’-deletion analysis of the BjGSTF2 promoter has pinpointed the presence 
of regulatory sequences, which are responsible for upregulation of GST expression in 
response to H2O2, ACC and SA and downregulation by spermidine, located at –756 
upstream of the transcription initiation site. Results also indicate the presence of a 
transcription repressor in the promoter sequence between –1145 and –757, as deletion 
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of this sequence has resulted in a marked increase in GST expression in the leaves. 
The promoter as short as 310-bp (GST310-I) is sufficient to confer a level of GST 
expression comparable to that conferred by GST2623, suggesting that GST310-I may 
possess all elements required for gene expression in both leaves and roots. 
Interestingly, gene expression conferred by the GT310-II promoter comprising two 
copies of GST310-I in tandem is greatly enhanced in all organs. This result clearly 
demonstrates the synergistic effect between the two copies of GST310-I in gene 
expression, but the molecular mechanism is not clear.  
Information regarding the role of GSTs in plant growth and development is 
virtually lacking. In carnation, the transcript level of a GST homolog SR8 in the 
petals of the senescing flower increased by 50-100-fold (Meyer et al., 1991) but the 
biological significance of increased GST expression during flower senescence is 
unknown. Results of this study report, for the first time, that GSTs play an important 
role in vegetative growth of the plant, as downregulation of GST expression in GST-
DS1 plants prolongs the vegetative growth phase of the plant by one week. As a 
result, the plant produces more leaves. However, after the GST-DS1 plants bolt and 
flower, the growth rate and the phenotype are similar to those of wild type plant. 
These observations suggest that downregulation of GST expression affects only 
vegetative growth of the plant. With respect to the antisense plant (GST-A4), similar 
delay in flowering has not been observed. This may be due to ineffective inhibition of 
GST expression, as low level of GST transcripts can be detected in GST-A4 plants. 
The vegetative growth phase of the plants overexpressing GST (GST-S6) is shortened 
by two days compared to wild type. It is therefore possible that judicious selection for 
strong GST overexpression may lead to the production of plants with further 
decreased vegetative growth phase. These results indicate that the presence of an 
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appropriate level of GST is required for normal plant growth and development, but 
the mechanism as to how GSTs influence plant growth is not clear. An ability to 
shorten or lengthen the vegetative growth phase of the plant by modulation of GST 
expression may be important for crop improvement. For example, it may be useful to 
breeders for shortening the breeding time, especially for crops with long vegetative 
growth phase.  
In addition to plant growth in vivo, results of this study show that the capacity 
of shoot regeneration of tissues in vitro may be associated with GST expression. It 
has been demonstrated in the comparative study, where overexpression of GST is 
important to high frequency shoot regeneration from cultured leaf tissues, whereas 
downregulation of GST expression abolishes the capacity of shoot regeneration. The 
implication of GSTs in morphogenic events has also been reported previously, as 
GST homologs have been isolated from several plant tissues with morphogenic 
competence (Vrinten et al., 1999; Galland et al., 2001; Kitamiya et al., 2000). 
However, the regulatory mechanism whereby GST overexpression promotes shoot 
regeneration is not clear. Evidence from this and other studies suggests that H2O2 may 
be involved, as GST expression can be upregulated by H2O2. High levels of H2O2 
have been shown to be important for somatic embryogenesis of L. barbarum (Cui et 
al., 1999; 2002) and A. adsurgens (Luo et al., 2001). In this study, results show that 
highly regenerative tissues grown in the presence of AgNO3 or AVG also 
accumulated higher levels of H2O2 compared to poorly regenerative tissues grown in 
the absence of ethylene inhibitor. Furthermore, the pattern of preferential H2O2 
accumulation at the cut edge of the tissues during the early stages of culture is similar 
to that of GUS gene expression driven by the GST promoter. This pattern of H2O2 
accumulation and gene expression in cultured tissues may be associated with shoot 
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regeneration that usually occurs at the cut edge of the cultured tissues. In mustard, a 
histological study showed that initiation of shoot primordia from the cotyledonary 
explant occurred after 4-8 days of culture (Sharma and Bhojwani, 1990). It is 
therefore reasonable to assume that the activation of molecular and biochemical 
events leading to shoot regeneration must have occurred earlier. These findings have 
prompted the speculation that the promoting effect of GST on shoot regeneration, as 
stress responses, may be mediated through H2O2 production.  
Several studies have shown that cultured tissues subject to stress treatments 
can result in enhancement of the morphogenic capacity. These treatments include 
metabolic stress (Kumria et al., 2003), cold (Immonen and Anttila, 1999), or 
complemented with heat shock (Immonen and Robinson, 2000), ABA in combination 
with mineral stress (Mundhara and Rashid, 2001) and osmotic, heavy metal ion and 
dehydration (Ikeda-Iwai et al., 2003). It is speculated that the promoting effect of 
stress treatments may be also associated with H2O2 because stress is usually 
accompanied by increased production of ROS (Holmberg and Bülow, 1998). 
However, further study is needed to clarify this point. 
Another cDNA, SRKKK, which shows high sequence homology to the two 
Raf-related MAPKKKs, CTR1 and EDR1, was also isolated and characterized. 
Unlike GST, SRKKK presents as a single gene copy in the mustard genome, and its 
transcript in root is lower than that in the aerial plant parts. SRKKK expression can be 
induced by MJ and inhibited by GSH, but it is not affected by other treatments such 
as ACC, ABA, 2,4-D, SA, GA, NaCl and spermidine. These results suggest that 
SRKKK expression may be regulated by MJ and GSH.  
Evidence from previous studies indicates that JA signaling is associated with 
protein kinases. The MPK4 cascade, which is responsible for the inhibition of SA 
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biosynthesis, is needed for JA response leading to the induction of PDF1.2 and Thi2.1 
(Petersen et al., 2000). The role of MAPK in JA has also been supported by the study 
of WIPK in tobacco, where WIPK is required for JA accumulation (Seo et al., 1995; 
Seo et al., 1999). In this study, an attempt has been made to elucidate the role of 
SRKKK in JA signalling by study of the expression of two JA-responsive genes, 
PDF1.2 and AtVSP, in wild type, transgenic plant overexpressing SRKKK, and the 
srkkk2 mutant defective in SRKKK. Results show that PDF1.2 and AtVSP transcripts 
are low in both SRKKK overexpressor and mutant, indicating that the role of SRKKK 
in JA signalling may be indirect. 
A root elongation assay was used to investigate the possible correlation 
between SRKKK and GSH. Analysis of the wild type, SRKKK overexpressor and 
srkkk2 mutant in response to GSH shows that high concentration of GSH inhibits root 
elongation of wild type and the mutant but the SRKKK overexpressor is more tolerant 
to GSH. The implication of GSH has also been demonstrated by the response to BSO, 
which markedly inhibits root elongation of SRKKK overexpressor. Similar decrease in 
root growth is also observed in the wild type and mutant plants but the decrease 
magnitude is lower. Although these results suggest the possible interaction between 
SRKKK and GSH in root growth, the regulatory mechanism is not clear. These 
results are preliminary. As MJ and GSH exert opposite effects on SRKKK expression 
that appears to interact with GSH in root growth, the srkkk2 mutant and SRKKK 
overexpressor can be useful tools to elucidate the regulatory mechanism in the future 
study. Similarly, these plants can also be used to investigate the role of SRKKK on 
shoot regeneration in vitro. 
 To date, knowledge regarding the regulatory mechanism of cell 
differentiation and its subsequent development leading to plant morphogenesis in 
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vitro remains limited. The results in this study have provided new insights into the 
regulation of shoot regeneration, especially in relation to stress/H2O2. In this respect, 
further characterization of other stress-related genes, such as those isolated by 
differential display in this study, will help to elucidate the regulatory mechanism of 
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